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On January 3, 1927, Carl Runge, whose importance to more than 
one field of research was acknowledged by the whole scientific world, 
died unexpectedly of apoplexy at Géttingen. He was personally 
known to most of the American astrophysicists by reason of his 
visits to the United States. His numerous contributions will be re- 
called by the readers of this Journal, of which he had been an edi- 
torial collaborator since 1903. His last article, in the issue for De- 
cember, 1926, was not off the press until after his death. 

Carl Runge was born on August 30, 1856, at Bremen, the son of 
the merchant Julius Runge and of his wife Fanny, née Tolmé, of 
English descent. He spent the first years of his life at Havana, where 
his father was the Danish consul. Some years later the family moved 
to Bremen. Runge’s father died early and left his wife with eight 
children. Carl attended the Lyceum at Bremen and passed the en- 
trance examination for the university in 1875. He entered the Uni- 
versity of Munich, taking up the study of literature and philosophy, 
but turning soon to the study of mathematics. In 1877 he went to 
Berlin to study with Weierstrass and Kronecker, and in 1880 re- 
ceived his Doctor’s degree in mathematics. He became lecturer in 
Mathematics at the University of Berlin in 1883, and three years 
later professor of mathematics at the Technical High School at 
Hannover. In 1904 he was honored by being called to the University 
of Géttingen, into the famous group of mathematicians then being 
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assembled at this university. During the winter of 1909 he lectured 
at Columbia University as exchange professor. 

In 1887 he married Aimé du Bois-Reymond, a daughter of the 
famous German physiologist. They had four daughters and two 
sons, one of whom was killed in the war. Runge’s home at Hannover 
and later at Géttingen will never be forgotten by those who had the 
privilege of entering it. The family cultivated many sciences and 
arts. Runge himself played the piano, and he and his children would 
often render musical classics such as the Matthdus Passion. Runge 
was a man of affairs and of great personal charm. He was fond of 
all kinds of sports and practiced bicycling, gymnastics, and swim- 
ming. At Hannover he used to ride his bicycle a distance of about 
eight kilometers from his house to the high school four times a day. 
In all his activities he placed scientific things foremost and was will- 
ing to sacrifice everything to their advancement. All that he needed 
for his spectroscopic work he bought with his own money; the grat- 
ings were his own. He took a personal interest in the activities of 
his students, being a true friend to them. He was very modest and 
conducted his own life in accordance with rigid principles. Although 
expecting the same from others, he was nevertheless tolerant in al- 
lowing for shortcomings in human affairs. His friendships—for in- 
stance, that with Planck, whom he met at Munich—lasted through- 
out his life. This is the picture of the personality of Runge as seen 
by those who were fortunate enough to know him. 

Carl Runge is well known from his scientific researches in mathe- 
matics and in spectroscopy. He was further interested in geodesy 
and in astrophysics. His most important contributions are perhaps 
those in mathematics, especially in applied mathematics, although 
under the influence of his teachers he previously worked on prob- 
lems of algebra and of the theory of numbers. It was while he was 
at Hannover that he turned to the applications of mathematics. 
He calculated methods of approximation suitable for the compensa- 
tion of geodetic and physical observations. He got the stimulus for 
such work from his friends the geodecist Wilhelm Jordan, the elec- 
trical engineer Wilhelm Kohlrausch, the mathematician Felix Klein, 
and the physicists H. Kayser and the writer. At Gottingen he was 
appointed for teaching and research in applied mathematics. He 
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worked out many numerical and graphical methods, gave numerical 
solutions of differential equations, etc. He was the pioneer in intro- 
ducing this kind of mathematics into Germany. Likewise in eval- 
uating his spectral photographs he worked out and put great trust 
in special methods of calculation to improve the accuracy. Once 
when visiting H. A. Rowland he asked him what were his methods 
of calculation for improving the accuracy of the wave-lengths. 
Nevertheless, he understood Rowland’s reply when he said that he 
would repeat the exposure. 

The readers of this Journal will take especial interest in the spec- 
troscopic work of Runge, to which the author can refer from his 
own experience. For after Kayser had left Hannover the author had 
the advantage of working for some years together with Runge on 
spectroscopic problems such as were suggested by this rapidly grow- 
ing science. In this work, as in that undertaken earlier with Kayser, 
Runge’s enthusiastic interest was an important factor. 

After Balmer had found his well-known law of the distribution 
of the hydrogen lines, Runge examined the spectroscopic material 
then known, searching for similar series. In 1887 at a meeting of 
the British Association he read a paper concerning this study and 
announced several possible series in many spectra. But because the 
material then existing was incomplete and inaccurate Kayser and 
Runge took up a new and systematic investigation of the arc spectra 
of the elements by means of a large concave grating received from 
Rowland. This work turned out to be of fundamental importance 
because here for the first time an adequate accuracy in the deter- 
mination of wave-lengths was reached and a rather complete list 
even of weaker spectral lines was compiled. By means of these data 
the laws previously found of constant differences of frequency and 
of series could be confirmed and widely extended. At the same time 
J. R. Rydberg examined the old material for such laws. It was very 
fortunate for the advancement of spectroscopy that the laws found 
on both sides generally agreed, convincing us that these laws had 
a real meaning. These researches thus became the basis for all fur- 
ther researches on spectral laws. 

From 1895 until 1901 Runge and the author worked together. 
We investigated the spectrum of helium when this gas was first 
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discovered by Ramsay. We then turned to the spectra of oxygen, 
sulphur, and selenium. In these spectra we found for the first time 
series systems of two different multiplicities. 

After the magnetic splitting of spectral lines had been discovered 
by Zeeman, we took up the study of this phenomenon. As a result 
of our study, chiefly of the spectrum of mercury as produced in 
Geissler tubes but also of other spectra produced by sparks, the 
main Zeeman types were established, Preston’s rule was confirmed, 
and the series character of several groups of lines in the spark spectra 
of the alkali-earths, i.e., Ca, Sr, and Ba, were recognized. After the 
author had left Hannover, Runge performed the calculations anu 
the analysis of this last work alone and found the important rule 
that the anomalous Zeeman resolutions are always rational multiples 
of the normal resolutions. The general denominator that exists is 
therefore called the ““Runge denominator.”’ 

Then came the work of Runge and J. Precht on the spectrum of 
radium and on the Zeeman effects in its lines. They found the prin- 
cipal groups of lines in the arc and in the spark spectrum and classi- 
fied them as belonging to that of an alkali-earth. 

Besides these greater researches in spectroscopy we have a num- 
ber of further important articles and notes by Runge. For instance, 
in a short note Runge remarked that the f-series in the alkali spectra 
then found by Bergmann were co-ordinated to the deepest d-term 
as their limit. This was an important remark bearing on the ar- 
rangement of the higher sequences of terms. 

Runge’s determination of the wave-lengths of the ultra-violet 
aluminium lines in the neighborhood of 1900 A is well known, and 
is still in use today. For this work, published in 1895, a concave 
grating im vacuo was employed for the first time. 

Short abstracts were contributed by Runge concerning the red 
lines of the argon spectrum and of the spectrum of krypton. In this 
work he himself undertook the difficult task of purifying the gases 
and filling the Geissler tubes. 

Runge’s theory of the concave grating is published in Kayser’s 
Handbuch der Spectroscopie. In connection with this theory are sev- 
eral contributions concerning ‘‘Lyman ghosts” and the methods of 
obtaining stigmatic images with a concave grating. One of these 
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methods, that of employing an auxiliary lens or mirror to produce 
a parallel beam of light, has been much used. 

Runge was occupied also with band spectra, first together with 
Kayser on the spectra of the carbon compounds in the carbon arc 
and later together with Grotrian on the band spectra of oxygen and 
nitrogen. 

In all his spectroscopic work Runge had a keen outlook for 
astrophysical applications. Every new spectrum was compared care- 
fully with Rowland’s solar spectrum. When we found the yellow 
helium line to be double, his first question was concerning the cor- 
responding doubling of the solar line. Until this was observed he 
was not convinced as to the identity of the line. His several efforts 
to determine whether the deep-red oxygen triplet in the sun’s spec- 
trum was of solar or terrestrial origin are well known. 

The importance of Runge’s work for the development of spec- 
troscopy cannot be estimated highly enough. Although as a mathe- 
matician interested primarily in the accuracy of the numbers and 
in the methods of calculation for reducing the observations, he was 
from the beginning convinced that the main purpose of such re- 
search must be its application to the spectral laws. The extraordi- 
nary accuracy in the wave-lengths that was first reached by Kayser 
and Runge seemed necessary to prove rigorously the laws of constant 
difference of frequency and of series. No one recognized more will- 
ingly and appreciatively than Runge himself the merit of Rydberg 
in having discovered the series law that was more nearly the true 
one. 

Carl Runge followed with the greatest enthusiasm the splendid 
development of spectroscopy in the last decade on the basis of the 
ingenious discoveries of Niels Bohr. He repeatedly expressed his 
delight that he could live to see a result being realized that he had 
always hoped for in his own work. Among the investigators who 
made possible this advance, the spectroscopist Carl Runge stands in 
the first rank on account of his typical methods and the accurate 
and important results of his research. 


Sn t Rinne Remy ane ees 








ON THE THERMAL EXCITATION OF ATOMS 
IN THE REVERSING LAYER OF THE SUN’ 


By ALBRECHT UNSOLD 


ABSTRACT 


1. Adams and Russell have shown that the distribution of atoms in higher quan- 
tum states does not in general agree with Boltzmann’s law. 

2. In order to test Boltzmann’s relation for a single star, the number of atoms 
multiplied by the corresponding oscillatory power, f, for two states of the same atom 
may be determined by the line-contour method. The unknown f’s can be eliminated by 
using two similar atoms, for instance, Ca+ and Bat, which may be assumed to have 
practically the same transition probabilities. 

3. Photometric measures of the infra-red 37D —4?P lines of Cat and of the corre- 
sponding Ba+ lines are described. The effect of the finite resolving power of the grating 


is investigated. 
4. Discussion of the observations indicates that for excitation potentials up to 1.7 
volts Boltzmann’s relation holds within the accuracy of measurement. For the ratio of 


the oscillatory powers for/fsp the value 0.2-0.25 is obtained. 
5. An upper limit for the transition probability of the forbidden Ca+ lines 42S — 3?D 


is derived. The lifetime of the metastable 37D state must be > 10~-? sec. 


I. INTRODUCTION 


Former investigations of thermal excitation and ionization’ have 
mostly assumed tacitly that the formulae of Boltzmann and Saha, 
derived on the assumption of thermal equilibrium, could be applied 
with sufficient accuracy to a stellar atmosphere. 

A closer investigation by Adams and Russell? showed, however, 
that the percentage of highly excited atomic states is much greater 
in cool stars, compared with that in hotter stars, than would be 
expected from Boltzmann’s formula. In order to derive stellar tem- 
peratures in a purely spectroscopic way, Adams and Russell made 
the assumption that the above mentioned deviations are due to the 
highly excited atoms alone, while in the limiting case of very low 
excitation potentials the Boltzmann formula should remain valid. 

In the present paper the thermal excitation of atoms will be in- 


* Contributions from the Mount Wilson Observatory, Carnegie Institution of Wash- 
ington, No. 379. 
2 Cf. the report of Cecilia H. Payne, Stellar Atmospheres, Harvard Observatory 
Monographs, No. 1, Cambridge, 1925. 
3 Mi. Wilson Contr., No. 359; Astrophysical Journal, 68, 9, 1928; also M. Min- 
naert, Observatory, 51, 347, 1928. 
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vestigated for one definite star, namely, the sun, by the method of 
quantitative spectral analysis developed in an earlier paper.’ It 
will be shown that for excitation potentials below 1.7 volts the ob- 
servations agree with Boltzmann’s formula within the accuracy of 
measurement and that the assumption of Adams and Russell is 
therefore justified. As a by-product it is found that the transition 
probability of the infra-red lines of Ca* and of the corresponding 
Ba* lines agrees in order of magnitude with a calculation made by 
A. Zwaan? on the basis of quantum mechanics. 


2. THEORETICAL RELATIONS 


By photometric measures of the contours of a Fraunhofer line it 
is possible to determine V, the number of atoms in the state of excita- 
tion under consideration which 
lie above 1 sq. cm of the photo- 
sphere,’ multiplied by the ‘‘os- : Pipe 
cillatory power’’ of this line. 
As it has been possible thus far £3 
to apply this method only to 
resonance lines, we choose for ¢ Daye 
investigation groups of lines 
which approach the resonance 
character as closely as possible, 
namely, the H and K lines 
(4S—4?P) and the infra-red 
group (37D—4?P) of Ca*, on 
the one hand, and, on the other, ‘ ts 
the corresponding lines of the 
Ba* spectrum (cf. Fig. 1). By 
photometric measures we can determine the ‘‘effective numbers of 
atoms,”’ Nsfsp and Nopfpp, for Ca* and Ba*, where fsp and fpp refer 
to the whole multiplet. 


STATISTICAL 
WEIGHT 
PP, 

3/2 





4d. 





ale 
= 
a 

















> 
* 

vin 

wh 

















Fic. 1 


' Zeitschrift fiir Physik, 46, 765, 1928. 
2 Die Naturwissenschaften, 17, 121, 1929. 


3In terms of E. A. Milne’s new model of a stellar atmosphere (Monthly Notices, 
R.A.S., 89, 3, 1928), we should say “above an optical depth 7.0.5.” 
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Further, by assuming thermal equilibrium, the ratio of these 
numbers is given by the Boltzmann relation: 


ee Vee ,600 
Nolor olor," 


Nf ae Ist sp 


E 


(1) 


where gs =2 and gp=1o are the statistical weights of the S and D 
terms, 7 the solar temperature, and E the excitation potential, 
*S—?D, measured in volts. 

If the ratio of the f’s were known a priori with sufficient accuracy, 
this relation could be subjected directly to an experimental test. 
However, as this is not the case, it seems best to compare two atoms 
having a similar term system but different values of E. We can then 
assume that the ratio of the f’s is the same for both. For this reason 
we use the Ba* lines which are perfectly analogous to the Ca* lines 
mentioned. If now we apply equation (1) to the Ca* and Ba* atoms 
and take the ratio of the left-hand members, the q’s and f’s on the 
right side drop out (the g’s exactly, the f’s only approximately), and 
we obtain 


__11,600/ 5, - ee +) 
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This equation may now be compared directly with the observations, 
as all the quantities on the left-hand side can be determined spectro- 
photometrically. Having verified equation (2), we may use equa- 
tion (1) to derive the ratio fsp/fpp from astrophysical observations. 


3. OBSERVATIONS OF THE *D—?P MULTIPLETS OF Ca* AND Bat 


As observations of the *"S—?P doublets are already available," 
we need not treat these in detail. For convenience the results are 
repeated in Table I. The observations of the 7D —?P lines were made 
by exactly the same method? with the 75-foot spectrograph of the 
150-foot tower-telescope. 

a) The infra-red Ca* lines.—For the spectra of the infra-red 

t A. Unsidld, loc. cit. 

2 Ibid. and Mt. Wilson Contr., No. 377; Astrophysical Journal, 69, 209. 1929. 
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Ca* lines near 8500 A, Eastman neocyanine plates were used 
which had been hypersensitized with ammonia. In order to avoid 
prohibitively long exposures and to compensate to some extent for 
the steep gradation of the sensitized plates, they were developed with 
“Eastman Threshold” developer. All plates were taken in the first 
order of the grating. In order to exclude the superposed violet second 














TABLE I 
El. Ain LA.U. Classification | Si/fsp | Nsfsp 
Ca oe hicks os are 3933-684 | 4S—47P3 4 2/3 | 23.3°1088 
| 3968 .494 4S—4Pr/2 | 1/3 I ai 
a Ra SEPP NN TSE NJ Ey! aE 
BOR Sas core | 4554 038 OS—GPs 2 | 2/3 4-108 
| 4934-040 | 6°S—6?Pi/2 | 1/3 





order and stray light, a Wratten filter No. 87 was used. The ex- 
posure times were of the order of five hours. 

To get some idea of the accuracy of the measures, the three lines 
were evaluated separately. The numbers of atoms thus determined 
should agree. Table II gives in the first three columns the data con- 
cerning the lines, and in the fourth column, the value of f determined 
from the Burger-Dorgelo summation rules, referred to fpp as unit. 























TABLE II 
El. | din LA.U. Classification S/fop Nf pp 
| (8498 .060 3?D3/2—4?P3/2 © .0667 0.465-10% 
GT nin is'c Sate ee 48542.132 3?Ds/2—47D3/. 0.600 0.425108 
| |8662.170 37D3/2—4?P1/2 ©.333 ©.462-10'8 
ee | SE RE ee | Bea olacgra 4. aie tie aps Rite ee a © 45°10 














The last column, finally, gives the individual and the mean results 
for Nfpp. The mutual agree ment is quite satisfactory. 

b) The Bat 5°-D—6°P vines, \\ 5853, 6141, 6496.—As these 
lines are rather narrow, spectra were taken in the first and third 
orders of the 75-foot spectrograph. Ilford Special Rapid Panchro- 
matic plates were used. To obtain a favorable blackening curve, 
developing was done with Agfa Rodinal 1:20. Nfpp was again 
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evaluated separately for each line and for the two orders of the 
grating. , 

In calculating the f’s it was necessary to take into account the 
fact that this multiplet can no longer be considered as “narrow.” 
The well-known rules apply strictly to the values of f\." The results 
are given in Table III. The table shows that the weakest line always 
gives too great a value for Nfpp; moreover, this effect is more pro- 
nounced on the first-order plates than it is on those of the third order. 
This indicates that instrumental influences produce a considerable 
broadening in the case of the line \ 5853. An elementary considera- 
tion shows that the resolving power of the Michelson grating used 





























TABLE III 
| esi 
| Nfpp 
EL. Ain LA.U. CLASSIFICATION S/fop 

First Order Third Order 

(5853 .691 57D3/2—67P3/2 0.071 3.6°1055 2.0 +1035 

a RECS 46141 .733 5?7D;5/2—6?P3/2 © .609 1.0°105 | 0.97°10%5 

(6496 .g16 52D3/2—6?P1/2 ©.320 1.2°10 | 0.88-10'5 

Mean..... Has ve etl win yA ase a Sab oa oe a 1.0° 1035 


is not sufficient to give the true contour of this line. The resolving 
power in the first order is ~ 77,500. Near \ 5853 this corresponds 
to a ‘‘separating power”’ of 0.075 A. On the other hand, the width 
of the line on the third-order plates, measured at an intensity equal 
to 80 per cent of the continuous spectrum, is only 0.093 A. It is 
therefore not astonishing that this line is considerably distorted. 
In forming the mean value in Table III the line \ 5853 has accord- 
ingly been ignored. The other two lines, which are considerably 
wider, should be little affected by instrumental influences. J. A. 
Carroll? has shown recently how the disturbing influence of the grat- 
ing may be allowed for theoretically. It seems doubtful, however, 
how far these calculations can be applied to an actual grating. 

* Cf. the paper of L. S. Ornstein, M. Coelingh, and J. G. Eymers, Zeitschrift fiir 
Physik, 44, 653, 1927, which verifies this generalized rule for some Ba+ multiplets. 


2 Monthly Notices, R.A.S., 88, 154, 1927. 
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4. DISCUSSION OF THE OBSERVATIONS 


According to the measures described in section 3, 





( “ad _0.45+10" 
Ca + 





: = 4G =0.0193 , 
Nsfsp 23 .3+10" 

seer) LE on ie 
Nsfsp/pat 4°10 


The corresponding excitation potentials are 1.69 volts for Ca‘, 
4°S—3’D, and 0.65 volts for Ba*, 6’S—5?D. If now we assume 
that the ratio fpp/fsp is the same for Ca* and Ba‘, we find from 
equation (1) 

Sop 83 ,000 


eet 
D: at) = log? + log f r 


E logy e 
Nsfsp qY J sp 





loguo( 


f ‘ (3) 
# > .@) is 
=o 699+ logro “ie = 5 - tag E - 
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_ 
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In Figure 2, logy (Npfpp/Nsfsp) is plotted as a function of E. 
The inclination of the dotted line is drawn on the basis of a solar 
temperature of 5040°. As may be seen, the agreement with the 
experimental values is within the accuracy of measurement. On 
the other hand, we may use the inclination of the line connecting the 
two experimental points (full line in Fig. 2) in order to derive, with 
the aid of equation (2), the solar temperature. The result is T= 
4700°. As a comparison of the two straight lines in Figure 2 in- 
dicates, the uncertainty of this value is considerable. It may be 
seen at once, however, that deviations from Boltzmann’s formula 
must be much smaller in the cases investigated here than Adams and 
Russell found them to be in the case of high-excitation potentials. 
Unfortunately, the solar spectrum shows no high-excitation lines 
to which our present method can be applied. The points at which 
the straight lines in Figure 2 intersect the axis of ordinates give, 
according to equation (3), the ratio of the oscillatory powers fpp/fsp. 
The line drawn on the assumption of a temperature of 5040° gives 
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for/fsp=0.2; the purely empirical line (T=4700°) gives fpp/fsp= 
0.25. On the other hand, A. Zwaan" has recently calculated the 
transition probabilities of Ca* lines according to quantum me- 
chanics, using a simplified atomic model with a suitably chosen po- 
tential field of spherical symmetry. He finds fpp=o0.o9 and fsp= 
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1.08, whence fpp/fsp =0.083. The agreement of the theoretical and 
experimental values must be considered satisfactory in view of the 
simplifying assumptions which are necessary in order to carry 
through the very long quantum-mechanical calculation of transi- 
tion probabilities. It would be very interesting to test the value 
deduced from astrophysical observations by laboratory measures, 
for instance, by the method of anomalous dispersion. 








t Loc. cit. 
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5. ESTIMATION OF THE TRANSITION PROBABILITY FOR THE 
FORBIDDEN LINES’ 4’S — 3’D,/,, ;/, OF THE Ca* ATOM 
(AX 7291.40 AND 7323.89) 

The results obtained in this and in a preceding paper? on the 
effective numbers of atoms Vf necessary for the production of vari- 
ous lines allow us to estimate an upper limit for the transition prob- 
abilities of these forbidden Ca* lines. 

As may be seen from the revision of Rowland’s table,’ no 
absorption lines corresponding closely to the forbidden transitions 
are visible in the solar spectrum. For these forbidden lines, there- 
fore, we must have Nf< 10%, since the Ba* line \ 5853 with Nfo 
7:10, for example, is still quite strong. On the other hand, Table I 
shows that for the Ca* resonance lines, which originate from the 
same term, Vf=2.3-10'’. The oscillatory power of the forbidden 
lines must therefore be< 10°, and the “‘lifetime’’ of the metastable 
*D term at least >107 sec., a value which agrees well with other 


estimates.‘ 


I desire to express my heartiest thanks to Professor Russell for 
his kind interest in this paper. The work in the infra-red could not 
have been carried through without help and advice from Mr. Bab- 
cock, to whom I am deeply indebted. Finally, I am greatly obliged 
to the International Education Board for giving me the opportunity 
to work at the Mount Wilson Observatory. 

CARNEGIE INSTITUTION OF WASHINGTON 

Mount WILSON OBSERVATORY 
March 1929 

*T. S. Bowen and D. H. Menzel, Publications of the Astronomical Society of the 
Pacific, 40, 332, 1928. 

2 Loc. cit. 

3 Revision of Rowland’s Preliminary Table of Solar Spectrum Wave-Lengths, 
Carnegie Institution of Washington Publication, No. 396, 1928. 

4T. S. Bowen and D. H. Menzel, loc. cit. 





I 
le 
a 
€ 


<5 TSA elt De POT STP PTR AMS IM SE TS 





THE SPECTRUM OF B.D.+11°4673" 
By PAUL W. MERRILL 


ABSTRACT 


Previous spectroscopic observations of this peculiar Be star by Fleming, Campbell, 
Cannon, and Merrill showed the bright lines to have characteristics of special interest. 
Collected photometric data make it probable that the light has not been constant, but 
do not indicate the exact nature of the variations. 

Mount Wilson observations.—Forty-six spectrograms were obtained from 1919 to 
1928. More than 160 bright lines have been observed, of which nearly all are variable in 
intensity and position, and some are variable in structure. The elements whose lines were 
studied in some detail are H, He, Fe, Al, N, and Si; other elements represented by bright 
lines are Ti, Cr, Mg, C, and Sc. 

Hydrogen (p. 336).—The bright lines are always outstanding but vary in intensity. 
At times they are accompanied by dark campanions on their violet edges. The distances 
between the centers of the bright and dark lines are different in various years, the values 
falling in two distinct groups. In passing from one line to another in the same spectro- 
gram the variation is approximately as the cube of the wave-length. On two or three 
plates weak bright components are visible on the violet side of the strong bright lines. 

The dis placements of the various bright hydrogen lines give fairly consistent results, 
the small systematic differences yielding no evidence that the dark borders are directly 
effective in displacing the bright lines toward the red. The displacements vary in a cycle 
of 800 days with a semi-amplitude of about 20 km/sec. There is some indication that 
the amplitude increased from 1915 to 1928. 

Helium (p. 347).—Prior to 1920 the lines were dark; since then they have been bright 
with dark borders on their violet side. In a given series the distance between the centers 
of bright and dark lines varies as the cube of the wave-length. The displacements ex- 
hibit an 800-day period with a semi-amplitude of 16 km/sec. The difference in phase 
between the oscillations of hydrogen and helium lines is 160 days. 

Tron (p. 352).—Lines of the ionized atom only are present. An interesting feature 
is the presence of numerous forbidden lines. Intensities of both allowed and forbidden 
lines are variable. The displacements probably vary in the 800-day period, but with a 
smaller semi-amplitude (about 8 km/sec.) and a lower mean axis than for hydrogen or 
helium, and with a different phase. 

Aluminum (p. 357).—Ad 4512 and 4529 of doubly ionized aluminum are well 
marked in emission, and several other lines of singly and doubly ionized aluminum are 
probably present. The variation of the displacement resembles that of the helium lines, 
but the whole curve is about 26 km/sec. lower. 

Nitrogen (p. 360).—Numerous bright lines of ionized nitrogen, several of which are 
accompanied by a dark border, are present. The variation of the displacements is 
similar to that of the helium lines. The forbidden nitrogen lines recently identified by 
Bowen in the spectra of nebulae, \X 5755, 6548 and 6583, are present in emission. 

Silicon (p. 364).—Neutral atoms (probably) and the first three stages of ionization 
are represented by bright or dark lines as follows: Si1 bright, Sz 1 bright, Sz m1 bright 
and dark, Si 1v dark only. 

Various elements.—The lines of Ti 11 resemble in behavior those of Fe 11, except that 
they are much weaker. Lines of C 11, Mg, Sc m1, and Cr 11 are faintly present in 
emission. A complete list of lines is given in Table XXII. 

Detached lines —K(Ca) and D,, D, (Na) are weak dark lines. 

Discussion.—The maximum ionization is apparently slightly in excess of 33 volts. 

Elements whose bright lines increased in intensity in 1921 are H, He, Feu, Nu, 
Al 111, while lines of [Fe 11] (forbidden lines) and Si m1 did not increase. Since 1922 the 
intensity-curves for H and Fe 11 have more in common than those for H and He. 

The distance of the centers of the bright lines from the centers of their accompany- 





* Contributions from the Mount Wilson Observatory, Carnegie Institution of Wash- 
ington, No. 381. 
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ing dark borders is approximately the same for H, He1, N u, and Sit. The dark lines 
of Het, Nu, and Si 1m shifted toward the violet upon the appearance of bright com- 


ponents. 
The oscillations of the bright lines of seven elements are concisely compared in 


Table XXVI. They exhibit extraordinary differences, suggesting a tenuous atmos- 
phere in which the elements are sorted by light pressure and gravitation. 


I. PREviouS SPECTROSCOPIC OBSERVATIONS 


Harvard observations.—Attention was first called to this remark- 
able star’ in 1894 by Mrs. Fleming’s announcement? of the presence 
in its spectrum of the bright hydrogen lines HB, Hy, and Hé. These 
lines appeared on objective-prism spectrograms taken at the 
Harvard College Observatory during the course of the spectroscopic 
survey of the sky inaugurated by Professor E. C. Pickering. Seven 
photographs of the spectrum were obtained between 1893 and 1912 
with the 8-inch Draper telescope, giving a dispersion of approximate- 
ly 160 A per millimeter. According to a recent examination by Miss 
Cannon, these seem to show, between HB and Hy, several narrow 
bright lines which cannot be identified with certainty on account of 
the small dispersion. She found no appreciable change in the spec- 
trum during this intervai. 

The star was included by Miss Cannon in a list of “Spectra of 
the P Cygni Type,’’? and the meaning of this designation was ex- 
plained in the following words: 

On plates of small dispersion, P Cygni shows a strong continuous spectrum, 
with HB, Hy, and Hé very bright, and other bright lines are clearly seen. Ten 
other spectra have been found which resemble that of P Cygni, taken with small 
dispersion. As these stars are rather faint, it is not possible to decide, with the 
photographs now available, whether they resemble the spectrum of P Cygni as 
regards the fainter lines. 


Observations at Lick Observatory.—In 1894 Campbell, observing 
visually with a spectroscope attached to the 36-inch refractor at 
Lick Observatory, found Ha to be bright.‘ 

Ann Arbor observations.—In order to make a detailed comparison 
with P Cygni, the spectrum of B.D.+11°4673 was photographed 

tH.D. 207757, R.A. 21546™2; Dec. +12°9’, 1900; mag. 7.6; spectrum pec. Re- 
mark in the Henry Draper Catalogue, ‘“The lines H8, Hy, Hé, and He are bright. 
HB is the strongest and the spectrum is of the P Cygni type.” 

2 Astronomy and Astrophysics, 13, 502, 1894. 

3 Harvard Annals, 76, 31, 1916. 4 Astrophysical Journal, 2, 180, 1895. 
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in 1915 by the writer with a one-prism slit spectrograph attached 
to the 373-inch reflector of the Detroit Observatory. The main re- 
sults of this investigation may be summarized as follows! 


1. The hydrogen lines were bright, with weak dark components on their more 
refrangible edges. The bright hydrogen lines agreed in giving a radial veloc- 
ity of +16.0 km/sec. 

Numerous enhanced metallic lines, chiefly iron, appeared bright, some of them 

being accompanied by weak dark borders. These bright lines were displaced 

toward the violet by about 0.6 A with respect to the bright hydrogen lines. 

3. Several bright lines of unknown origin were present, the most notable being 

AA 4244.0, 4287.0, 4358.6. 

4. A number of weak absorption lines without visible bright portions were 
measured. Most of those identified were due to helium and silicon. Five 
helium lines and one silicon line gave a velocity of —12 km/sec. 

. The similarity to P Cygni did not extend to the fainter bright lines. 


NO 


wn 


II. VARIATIONS IN LIGHT 

The estimates of magnitude in Table I have been collected from 
various sources by Lundmark.? From an examination of fifty-one 
Harvard photographs covering an interval of fifteen years, Miss 
Wells found’ that the star was apparently slowly decreasing in 
brightness. In January, 1922, it was about 0.3 mag. fainter than 
in 1906. Additional information is contained in a letter from Dr. 
Shapley, dated March 18, 1929: ‘‘Miss Wells has now looked up 
plates since 1922 and finds no evidence of variation. The decrease 
in brightness throughout an interval of fifteen years seems to be 
definite.”’ 

















TABLE I 
MAGNITUDE EsTIMATES OF B.D.+11°4673 
Source Epoch Magnitude 

W:21"1043...... «eats 1821.8 9 
Miiz29674...... Bren 1841.9 9 
B.D.+11°4673 mene Py 1855+ 727 

Sj 8881...... 1861.9 7 

Lpz I 8693. 1870.8 6.3 

Harvard map 1905 .6 637 

a {6.8 photographic 

Lundmark . 1920.8 17.0 visual 











* Publications of the Observatory, University of Michigan, 2, 71, 1916. 
2 Astronomische Nachrichten, 213, 93, 1920. 
3 Harvard College Observatory Bulletin, No. 762, 1922. 
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III. Mount WILSON OBSERVATIONS 
A. THE SPECTROGRAMS 


Spectroscopic observations of this star were resumed by the 
writer at Mount Wilson in 1919 in order to extend our knowledge of 
its intricate and interesting spectrum, as well as to ascertain whether 
any changes had occurred since the Ann Arbor observations in 1915. 

On the first Mount Wilson plates the spectrum appeared essen- 
tially the same as in 1915, although certain lines did not have ex- 
actly the same relative intensities. In 1920 and 1921, however, a 
striking new feature developed, and numerous minor changes have 
occurred since that time. The presence of several features of special 
physical interest and the fact that they are subject to curious 
changes make this spectrum a fascinating one to follow. A few 
spectrograms have been obtained each year since 1919. 

Table II gives a list of spectrograms upon which the present 
study is based. The first five, obtained at Ann Arbor in 1915, have 
been previously described,’ but are included here for convenience. 
The remainder were obtained at Mount Wilson with the too-inch 
reflector, except two marked y, taken with the 60-inch reflector. 
The C plates were taken with one prism and an 18-inch camera; the 
dispersion at various points in the spectrum is as follows: Ha, 170 A 
per millimeter; HB, 57; Hy, 36; H6é, 28. Most of these plates were 
taken on the fine-grained Seed 23 or Eastman 33 emulsion, and were 
widened by allowing the star to drift the length of the slit during the 
exposure. These circumstances, together with the high purity’ ob- 
tained by use of a narrow slit (about 0.03 mm), made it possible to 
measure numerous narrow bright lines having small contrast with 
the background of continuous spectrum. The G plates were taken 
with a plane-grating spectrograph and have a dispersion of 67 A per 
millimeter. The H plates were taken with a small-dispersion ultra- 
violet spectrograph. The observation of April 27, 1921, was made 
with a three-prism spectrograph belonging to the Lowell Observa- 
tory, which was being used in connection with the too-inch telescope 
for a special investigation by Dr. V. M. Slipher; the dispersion at 


t Publications of the Observatory, University of Michigan, 2, 71, 1916. 


2 The focal length of the collimator lens is 40 inches (102 cm). 
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TABLE II 
JOURNAL OF OBSERVATIONS 














Plate Date J.D. Emulsion* Remarks 
2420000 
3228A....| 1915 May 21 |+0639 S 30 Ann Arbor 
3250 B.... June 13 | 0662 S 30 Ann Arbor 
Kcr. >. Uipaee July 23 | 0702 S 30 Ann Arbor 
3340B.... Aug. 6] 0716 S 30 Ann Arbor 
3308 A.... Nov. 12 |. 0814 S 30 Ann Arbor 
( 36. 1919 Sept. 3 2205 S 30 
37- Sept. 3 2205 S 23 Strong exposure 
40. Sept. 4 2206 S23 Strong exposure 
45. Sept. 5 2207 S 23 
40 Sept. 5 2207 5 23 
ee Sept. 6 | 2208 S 23 
50...| Sept. 6 | 2208 S 23 
or. | Sept. 6 2208 S 23 Focused for 78 region only 
52...| Sept. 6 2208 S 23 Focused for HB region only 
181.. | Nov. 7 2270 Cit. 
2 Nov. 8 2271 S 23+Pcl. | Weak exposure in red 
529...| 1920 July 7 2513 S 23 
642... Sept. 3 2571 S 23 
7 9570... Sept. 25 259 lf. 40” camera; bright Ha and HB 
only 
1921 Apr. 27 2807 S 30 Slipher’s three-prism; bright H8 
and Hy only 
C.-2080: . 31 June 20 2861 S 23 
1193...| Aug. 11 2913 S 23 
1399. ..| Oct. 3 2976 5 23 
1400. . ' Oct. 13 2976 Iif. For region from HB to Ha only 
1405... .| Oct. 14 | 2077 If. For region from H£ to Ha only 
1666...| 1922 Apr. 13 | 3158 S 30 
E704... May 15] 3190 A.G.S. Very weak exposure 
cas... June 11 3217 S 23 
1822... Aug. 9 3276 S 23 
1942 Oct. 8 3330 If. For region from H£ to Ha only 
2222 | 1923 Apr. 30 3540 | S 23+Pcl. | Includes red region; weak expo- 
sure 
2342 July 3 | 3604 S 23 
2415 Aug. 31 3663 S 30 Strong exposure 
2467 Sept. 30 | 3693 S 23 Very weak exposure 
2470 Cs. 3 3694 S 23 
y 12175 Get. <3 3696 S 30 Spectrum narrow 
C 2750...| 1924 Apr. 17 | 3893 S 30 Weak exposure 
2892. ..| July 19 | 3986 S 23 Weak exposure 
+ ey eee Oct. 3] 4062 | S23+Pcl. | Plate fogged 
C 3078... | Nov. 8 4008 S 23 
3383. . | 1925 July 6 | 4338 S 23 
: Ge  e | Aug. 19 | 4382 E 40 
=e Aug. 20 4383 E 33 Very strong exposure 
Cigar Get, 4 4425 S 23 
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TABLE Il—Continued 

















Plate Date J.D Emulsion* Remarks 
DN] ee —E | ee - — ——— _— _ ee — —_ 
| 2420000 | 
C 3811...| 1926 May 30 |+4656 | E 33 Weak exposure 
3935--- Aug. 12} 4740 | E33 
4321...| 1927 June 22 | 5054 | E 33 Weak exposure 
4418.. | Sept. 9 | 5133 | E 33 
} | 
4867. ..| 1928 June 28 | 5426 | E 33 
G 3465355) Aus. 2) s261 | ESEP: 
C 5026 Oct..-s 5525 | E 33 
* S =Seed; E =Eastman. 


C.1.1.=Cramer Instantaneous Iso. 
Ilf.=Ilford Special Rapid Panchromatic, hypersensitized by an ammonia bath. 
A.G.S.=Astronomical Green Sensitive, prepared by the Research Laboratory of the Eastman 
Kodak Co. 
+Pcl. =sensitized to red light by bathing in a solution of pinacyanol. 
S1.P.=“Slow Panchromatic,” a special red-sensitive emulsion made by the Research Labora- 
tory of the Eastman Kodak Co., hypersensitized by an ammonia bath. 


HB is 26 A per millimeter; at Hy, 12.5. y 9570 was taken with 
one prism and a 4o-inch camera; y 12175 with one prism and an 
18-inch camera. 


B. GENERAL DESCRIPTION OF THE SPECTRUM AND ITS 
PRINCIPAL CHANGES 


Before proceeding to a detailed description of the spectrograms 
it may be well to mention the chief features of the spectrum and 
the principal changes which have recently occurred. 

The most conspicuous features are the bright hydrogen lines, 
which vary in intensity but are always strong. At times they are 
accompanied by relatively weak absorption borders on their more 
refrangible edges, but at other times these dark borders disappear. 

The helium lines have behaved in a striking manner. In 1915 
they were dark; in rg19, nearly neutral; in 1920 they were emerging 
in emission; and since June, 1921, they have been present on all 
the spectrograms as strong bright lines, accompanied by dark bor- 
ders of shorter wave-length. 

Numerous well-known iron spark lines are conspicuous in emis- 
sion on many spectrograms, but on other plates of equal quality 
are scarcely visible. Forbidden lines of the ionized iron atom, re- 
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cently identified in the spectrum of » Carinae,’ are present in emis- 
sion on many plates. They vary in intensity with respect to the 
continuous spectrum and also with respect to the ordinary lines of 
the Fe 1 spectrum. 

Other elements, represented chiefly by emission lines, with their 
respective degrees of ionization, are as follows: A/ u, 11; N 0, in- 
cluding the forbidden (nebular) lines AX 6548, 6583; Si1?, I, II, 
Iv; 770; Cru; Mg u; C m?; Sc iP. 

A conlinuous spectrum having about the usual energy distribu- 
tion for a B-type star is quite strong at all times, forming a back- 
ground against which the numerous bright lines appear with vari- 
ous and varying degrees of contrast. 

The variations in the intensities of the bright lines are on the 
whole rather gradual; that is to say, plates taken within an interval 
of a few weeks do not exhibit a wide range of behavior. From one 
year to another, however, large differences may appear. The course 
of the variations is too complicated to permit a brief description, 
but some idea of it may be gained from Figure 13. One notable 
phenomenon was the simultaneous strengthening of the hydrogen, 
helium, and enhanced iron lines, beginning in 1920. A strict perio- 
dicity in the various changes is lacking, but the recurrence of certain 
features at intervals of about eight hundred days is of considerable 
interest. 

In addition to their variations in intensity, the lines are subject 
to variations in position which differ for the various elements in a 
most extraordinary fashion. The eight-hundred-day cycle is a com- 
mon feature, but, aside from this, each element seems to be a law 
unto itself. One especially curious phenomenon is the apparent in- 
crease in the amplitude of the oscillations of the hydrogen lines (see 
Figs. 1 and 4). 

C. HYDROGEN LINES 

The bright hydrogen lines are the outstanding features of the 
spectrum. Ha is an extraordinarily intense line, badly overexposed 
on plates that show the continuous spectrum on either side. The 
intensities of the bright lines diminish along the Balmer series toward 
the ultra-violet as usual in spectra of class Be. H®, Hy, and Hé are 

« Mt. Wilson Contr., No. 354; Astrophysical Journal, 67, 391, 1928. 
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TABLE III 


INTENSITIES OF LINES 
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| | HYDROGEN HELIUM Ionizep Iron | 4350 [Fen] 
PLATE * 3 coeeencer roe @ an ROE aah |X 4352 Fem 
Em. Abs. Em. Abs. Lab. Forb. 
2420000 | 
3228A....| +0639 e Stee T° ae Bae: | (2) (2) | o.9 
32590 B. .. 0662 5 4 ea 0 I 205-2 Sgn 3 
3332A.. 0702 7 2.5 ° I a-Si ac} Oe 
3340 B....t O746 7 oe ° 2 280} 2.5 | 1.15 
3308 A.. .~ 0814 6.5 c ° I oe. [ gga 5.46 
Mean ,| 0707 6.1 3.0] Oo 12) ge) oy see 
eae ae eet —|—$$$_—} ——__—_}-_—___ 
| #. «| 2205 4 4 ° 0.5 4-2) 2 | 0.6 
37----| 2205 ae ae ° I | 6.5 2.5 0.5 
4D. t. 1 2200 5-5 | 6 ° I 6.5 4:5 0.55 
Seer 2207 5-5 | 6 ° I 0.5 | 3 0.45 
46....1 2207 ae oe ° BT Ged “aes 0.35 
49....| 2208 gg $ ° 0.5 7 3 0.35 
50°. 2208 qe). 6 ° 0.5 7 a8 0.4 
51 2208 4 |. ° TO aan ae, beach eee eng ee 
52 2208 o4 o | (1) el Peres eer ey 
Mean 2207 5.0 | 5.6 o | 0.8 6.3| 2.9 0.46 
C Or... 2270 (5) . ° 2 ee eee 0.4 
183 2271 (5) |- ° ah Mee (3) 0.6 
Mean . 2270 5 | o | 2.5 | ge) 2a | 0.5 
ee a a ee = i. =. cas |- - — ee ee 
© Sah. <5 2513 sb. S2ht 2 2 hoch Rey 
649... as71 | 6 6.5 1.5 I 2.5 a eee 
1060... ..! 2861 | 11 S58 8.5 5 7 5 | 0.7 
1193... 2913 12 7 10.5 0 | 9 5 0.60 
5200..... | 29760 12.5 7 9 6 | 10 4.5 | 0.45 
5666:......|- 3355S race) -.° Sot e fo Sct ee | 0.3 
1745....| 3217 42.5 0.5 8 Gk Gy “ie Seen ee 
1822....| 3276 | ie oe 8 ee | | 0.7 
2342 E 3604 10 5 10 Cee fee ee ee (2.0) 
2415....| 3663 | 10 | 5 8 5 5 5 | .2 
2470....| 3694 | 10 $9 3) S08 4.5] 0.85 
2750....| 3893 12 I 5 5 5-5 r.§]. 6.3 
2802...) 99860 12 | (1) 5 5-5 6 ei a eee ty 
3073..--| 4098 14.5 0.5 | 8.5 S | #61 6. 28 
3383.---| 4338 10 2 9 5 3.3.) 2 1° es 
3541....| 4425 os ? 8.5 O31 * e865. .8 4 
3811....| 4656 To 5.5 S|) a4 £.) ee 
3935----| 4740 | oe 8 gies Hi ale Uae. 0.35 
4321....| 5054 aa ag 6 Sh Oe): Ce ae 
4418 | 5133 B.3i 3 7 6.5 I a eS Se eae 
4867....| 5426 14.5 | I 8 sit s ° <0.3 
5026.... 5525 1.5| 1 7 $54 #5) 2 0.3 
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very conspicuous; the lines of shorter wave-length less so. With low 
dispersion (plates H 37 and H 42), a few of the ultra-violet lines are 
seen in absorption without recognizable bright portions. 

The bright hydrogen lines are sharp and well defined on most of 
the spectrograms. A noticeable widening accompanied by a slight 
diffuseness of the edges may be observed, however, on the following 
plates: C 1666, C 1745, C 1822, C 2892, C 3073, C 3811, C 3935, 
C 4867. These were taken at times when the bright lines had their 
greatest intensities. 
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Fic. 1.—Behavior of hydrogen lines 


Examination of the spectrograms reveals a considerable varia- 
tion in the intensities of the bright hydrogen lines. The relative in- 
tensities on different plates have been estimated by comparing them 
with plate C 2342, on which the intensity was arbitrarily called ro. 
The estimates refer to the lines H8, Hy, and Hé, and were made 
when viewing each spectrum alongside the standard spectrum in the 
Hartmann comparator. Additional intercomparisons of various 
plates were made later, but the resulting changes were inconsequen- 
tial. The estimates are given in Table III and are plotted in Fig- 
ure I. 

The first feature of interest in connection with the bright hydro- 
gen lines is the rapid increase in intensity which began in 1920 and 
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continued for about a year. After a broad maximum lasting from 
1921 to 1922, there was a slight decrease in intensity, followed by 
narrower and higher maxima in 1924, 1926, and 1928. The intensi- 
ties in 1915 and 1919 were about the same as in 1920, but since 1920 
the average intensity has been much higher. Even the minima of 
the recent fluctuations have been above the 1919~—1920 level. 

On many plates dark borders occur on the violet side of the emis- 
sion lines. They are seen only at Hy and lines of shorter wave- 
length. Their increase in intensity toward the ultra-violet follows 
the usual behavior of the dark portions of the Balmer lines in spec- 
tra of class Be. The intensities of the dark portions of Hy and Hé 
have been estimated in the same way as those of the bright lines 
except that the intensity on the standard plate, C 2342, was assumed 
to be 5.instead of 10. This was because the absorption lines at their 
best are relatively weak features. The data are in Table III, and 
are plotted in Figure tr. 

In general, the behavior of the dark borders is opposite that of 
the bright portions; that is, relatively strong dark lines accompany 
relatively weak bright lines, and vice versa. Thus the average in- 
tensity of the dark lines has decreased since 1920, while that of the 
bright lines has increased; moreover, the maxima of the dark lines 
correspond to minima of the bright lines, and vice versa. Interest- 
ing exceptions to these rules occurred, however, in the years preced- 
ing 1922. The rapid increase of the intensity of the bright lines from 
1920 to 1921 was accompanied, not by a weakening of the dark bor- 
ders, but by a slight strengthening. Between the observations in 
1921 and those in 1922, moreover, the dark borders practically dis- 
appeared, while the bright lines retained their high intensities. 

Another relationship between the bright and dark lines is evident 
upon inspection of the plates. When the absorption borders are 
strong, the bright lines are narrow and their violet edges very sharp; 
when the absorption borders are weak or absent, the bright lines are 
slightly wider and their violet edges are not so well defined. The 
effects on the violet edge of the bright lines seem to have some cor- 
relation with the measurements of position; when the dark borders 
are strong, the apparent centers of the bright lines are displaced 
toward longer wave-lengths. This does not prove, however, that 
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the presence of the absorption borders is the cause of the apparent 
displacement of the bright lines, as discussion on another page will 


show. 
TABLE IV 


HypDROGEN LINES, EMISSION minus ABSORPTION 
(Angstrom Units) 





























i 2 guens 
Plate or Year Hy | Hé He Ht Hn 
han — — os | — 
SOs no aoeccusreaiece 4 1.59 | 1.23 1.26 32 54 1.0 
| | | | 
| | 
( INS ie oidsxts, SOMA aS | 0.96 | ©.74 eae SU AA eS Pew er 
es eres gales 1.08 | fe 72 | @.7% 0.78 
BR Ser eects res 1.00 | .82 .76 ie) ane >see ae 
BI 5 Oe wae oS 5 RS | 0.96 | .76 SAD e Sra who GR oak ow a's we 
eee Pn ere 96 | 80 Ae CRE ae Peeters 
7 RU re 8 rare |} ©.92 .67 Hag oN ca A ats | Fells ieee VE tes ater 
EG asta ae LOR i; Ee e2 eee SP eG gee ay Ber st eaaigs. s 
scaheindatia atlas | — 
Mean (1919).. 0.99 | 0:76 |- 0.90 “|. 0.78 0.78 
nL A SO, A |---| 
( eh rie nota 8 0.94 0.92 ST Re Ee an Te Lea G 
ET Paige oS 5 Se Se OO se nctexes [eons e ener eefe rer enens 
Mean (1920).. ve CO ek ade SER Pets eee, AOR ae 
SAIS Senet st ioe 
Ror oc eke .s ile oi ES Paar CASS, oo ina ease BS Rie hy 
RO archi c ee Se Ka | .35--- | Go Gee Pa wee ee sis Gaetan anee 8 
WS 25.5 ob ee ee 1.54 Oe > Sa Peres wae Coe cece Ravereore 
ees ie Me EA aS es ee staan alee. 
| 
Mean (1921)........ L832 1.29 | Tig ERE Mey ace Caren Boer cae awe 
ech el REPRESS ATER CORN DGEE Ems WI aes : 
Cees Stor oe we , ie faci ae) Soy oder Pre eae See es we 
RR ec aie cht d Sot See Bt? ee ae SS ee 
WRF G Sk css ache os 1.51 AD eae nee oes Cee Ls, See at fia 
eS , SaaS MR, ROM R Par EN oS a ee Sees Coes | Be Oe Ce 
emer , 
Mean (1923) OO RE i Bet stag es ee ae 
ar aS Ie \- — 
ee a tn es cies a 1.26 | 0.90 ARabso Seen bernie pale ar) (ae A Ea 
OE ere SN creer a 1.08 | 0.96 0.79 err ee a Pee eee 
Mean (1925) $57 ieee Fs I on i aid ccs sabia bare theta 
ineianeae steerer ERA RRA SRR OF Ose 
RS RES. SPA g see ast 1.58 ane ce orr!) Te Tes, : Ce cated BCR Aen tines 
oS Sane ee 1.52 Pa er BRL OTN ME rere Bushee, Vacs das 
ene) 1 SS SA St CRE 
Mean (1927) 1.56 | Key See cca, acid | PAR aioe | nh ee vi pe 


The distances between the effective centers of the bright lines 
and their dark companions were measured for those lines whose 
dark portions were clearly visible. The difference in wave-length 
increases with increasing wave-length, and for a given line varies 
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considerably from year to year. For Hy, for example, it ranges 
from 1.0 A to 1.7 A. The measures are collected in Table IV, and 
the annual means are plotted in Figure 2. The data fall in two 
groups: the values for the years 1915, 1921, 1923, and 1927 (Hy 
only) are much alike, while those for the years 1919, 1920, and 1925 




















A 
1.6 Z 
Jy’ 
at : + se ees 
ia Re mi ay, 
t BY 






























































Geen LZ 
i 
7] Wa ci 
LZ ak 
1.0 “ 
zp 
1 
ae 
0.8 = we 7 
a La 
» = 
0.6 
r 3800 4000 4200 4400 


Fic. 2.—Hydrogen: relative displacements of emission and absorption lines 


resemble each other. In both groups the displacements are approxi- 
mately proportional to the cube of the wave-length, but in one 
group the constant factor is about 50 per cent larger than in the 
other. Expressing \ and AA in angstroms, we have approximately 


AX\= an’, 
where a@=1.25 X10" for the lower group, and 1.9X10~" for the 


upper. 
On plates C 3383 and C 3541 the bright hydrogen lines have 
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weak bright companions toward shorter wave-lengths. These com- 
ponents are visible also on the three-prism plate taken on April 27, 
1921. Table V gives the measured distances of these weak compo- 
nents from the centers of the main bright components. 

Data concerning the intensity and structure of the hydrogen 
lines have been set forth in some detail in the preceding paragraphs. 
During recent years the characteristics of these lines seem to have 
been subject to a fairly regular succession of variations which sug- 
gests a periodicity of some kind in the star’s atmosphere. In this 
connection it is interesting to note that a similar type of variation 


TABLE V 


RELATIVE DISPLACEMENTS OF WEAK BRIGHT 
COMPONENTS OF HYDROGEN LINES 





Plate HB Hy | Hs 
——___ —_ ee a 
3-prism.......| —1.92A —1.5rA 7 ate 
i; S06 3 ', dig Seed hia 34 1.58 Bete fo PS 

CUS TTR er ant eee ere iol 1.62 | —1.48A 


is shown by the positions (apparent radial velocities) of the lines, 
as the data which follow indicate. 

The bright hydrogen lines are favorable for measurement as they 
are narrow and stand out prominently from the continuous spec- 
trum. On many plates they are practically monochromatic;' on 
others, slightly widened. They appear symmetrical except when a 
dark companion makes the violet edge sharper than the red edge. 
The bright components to the violet, seen on two or three plates, 
are feeble, and, as in most cases they are slightly separated from the 
principal line, offer little interference with the measurements.”? The 
measured displacements of the bright hydrogen lines are tabulated 
in Table VI. They are given for convenience in units of radial ve- 
locity, but other phenomena may of course be involved. 

The agreement of the various Balmer lines is reasonably good, as 
is shown by a tabulation of the differences of successive lines (Table 

' This refers, of course, only to the dispersion actually employed, about 36 A per 
millimeter at Hy. 


? See, however, remarks in the following paragraph concerning the 78 line on two 
plates. 





THE SPECTRUM OF B.D.+11°4673 343 


VII). For the purpose of this tabulation the Ann Arbor plates were 
counted as one observation, as were also plates C 36-C 50; all other 
TABLE VI 


DISPLACEMENTS OF BRIGHT HyDROGEN LINES 


(Kilometers per Second) 























Plate | HB Hy | Hé He | Ht Hn | Mean | Remarks 
Ann Arbor : 2: .<: | +16 | +12 | +16 | +20] +20] +19 +16 | 
Cass ete +5|-— 6 EE SE, ° | 
ie wae Aeisgas 4p 4hm Sb + fei ee 
p+ ORS ar eee ee o|f—5/—-6|/—-5/|-—41-4 | 
yr ae eee +7/—-1/—2] |+ 1 
46 +2/-1 — 4 |—- I 
ee ee TIi-— 4 fe) j— 1 
HERG Se, Open +6/|- 1 ° ie 2 
Mean ie it 3i/—-3|1—-—2]1/—-4]/—'5 |= O90 
( 51 Si ot ad oe Sees Meee ee Pret ee fray 
Beas og a eee fe 
181 | +16 | +10 +13 Poor 
UR Sn a, te | +15 |. Bye sae cues Poor 
529 +18 | +14 | +16 .|+16 
O68 SS Bea Se ee eee eres a j+23 | 
Y 9570 PoP Ba Ys wikis ta becre a 2 6. a0a-y oie! hatoreteielal palate a Pee 
3-prism..........| +14 | +11 +13 | 
16666. Sa Pete Sa | “22 a3 |+12 
1193. hep ea] + 6) + 4 |. it 7 | 
1399. +13/+2/—8]—7|......]...... eee 
160. + 8}. iia cous 
ee 2 eee Uae 
SOG... Soe | +10 | + 11] +10 a oy 
pe. ca dsons |+i4/+6/]+ 4) J+ 8 | 
1745....-...}+8/+5/+8|+8 +8 | 
Smee. See 5 | +13} +7/| + 6 I+ 9 
er oe | +29 |... senate + ebiehes fades 
2222.........| +35 | +28 | Spares eee er eS ..[+3t Fogged 
EEE rs +21 | +18 | +14 | + 3 Ps Mees ie l+14 
Oete. . Sccpeebds's Bae Sead Gea tee eeiegns i+ 2 
CY Re +6,— 2] — 3] a |--- wa. 
RAIS ce ee cr SB ee o|— 4 Be sixephl i+ 3 
¥ 42375.. |— 8|—3]|- 8 — 6 | Small weight 
C 2750. Cue St Eeokk 2 Med 0 Mee —4 
2892.. +4/—-1/+2{]-—2 + 1 
ks CP neera re! wits. | + 8 | +20 | FIs |...... [33 
3383 . | +14 | +32 | +31 | +25 | +26 | i+ 26 Vi. comp. 
3541 | — 3] +20] +16| +8] + 3} .|+ 9 | Vi. comp. 
3811 ..| — 8 | —10| —10 | —13 |..... a 
3935 | -i3/—5|/—-—2}/- 4 J— 5 
4321 .| +42 | +38 | +36 | +31 +37 | 
BABS? ook: +30 | +28 | +209 | 35 +31 | 
4867 | —1r | —18 | —19 | —22/] — 8} —16 | 
W800: 355.638: | —29 | — —10|— 4 ire age —I1 | 
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plates were counted separately. Two plates, C 3383 and C 3541, 
give large negative values for the difference H8—Hy. On these 
plates the hydrogen lines have weak bright components toward the 
violet, which, in the case of 78, are blended with the principal line. 
These components are very weak and apparently have little effect 
upon the measurement of Hy and lines of shorter wave-length, but 
TABLE VII 


RELATIVE DISPLACEMENTS OF HYDROGEN LINES 








Lines | Difference No. Obs. 
HB-—Hy..... +2.1km/sec. | 27 
HB-—Hy...... 4.0 25 
Hy—-—H65....... 0.6 20 
Hi—He. ) 2.0 20 
He—Hé .. +3 6 


they may build up the violet edge of the overexposed H line suffi- 

ciently to account for the measured shift of the center. The mean 

differences, H8—Hvy, with and without these two plates, are +2.1 

and +4.0 km/sec., respectively. The differences between other 

pairs of lines are small but positive in all cases. This is of interest 

because negative values would be expected if the dark borders had 
TABLE VIII 


DISPLACEMENTS OF THE BRIGHT Ha LINE 











Other Hydrogen Lines 





| | 
Plate | Ha | at Same Epoch 
Dh cy oe +31 km/sec. | +27 km/sec. 
C 1405.. ...| 14+ | ° 
! ee | +19+ +20+ 
CME: Taree fee ot | - 9 
$4. ...5.6.) | —14 


an appreciable effect in shifting the bright line toward the red. This 
is because the dark borders grow rapidly weaker in passing along 
the Balmer series from the ultra-violet lines to H8. These data 
therefore suggest that the dark borders have no strong influence on 
the positions of the bright lines. A few measures of the displace- 
ment of Ha (Table VIII) show that it agrees approximately with 
those derived from the other hydrogen lines. Because of low dis- 
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persion or overexposure, the errors of measurement of all plates 
except the first are rather large. 

The measured displacements of the bright hydrogen lines are 
plotted in Figure 1, along with the intensities of both the bright and 
the dark portions of the lines. It is obvious that the displacement is 
not constant but rises and falls at intervals of about eight hundred 


km/sec. 
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Fic. 3.—Hydrogen: velocities from emission lines, reduced to one cycle 


days. To ascertain whether or not the curve is repeated with un- 
changing period and amplitude, the observations have been reduced 
to a single cycle by assuming the period to be eight hundred days 
(Fig. 3). The sine curve in the diagram corresponds to the equation 


> (t— 4860) 


V = 20.5 sin 360 
) - 800 


13.5, 

where V is the velocity in km/sec., and ¢ is the time in Julian days. 
Only two observations (not plotted) disagree badly, and these de- 
pend on poor plates (C 181, C 183) and have little weight. A well- 
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determined normal place but two months before lies fairly near the 
mean curve. The Ann Arbor observations of 1915, however, taken 
at a time when the curve calls for minimum velocity, lie slightly 
above the mean velocity, and cannot well be reconciled with the 
others, even by changing the assumed period. This fact, together 
with the configuration of the Mount Wilson observations, suggests 


km/sec. 
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FIG. 4.—Velocities from hydrogen emission lines with the curve V =0.006 (t— 0640) 
x sin 300° 1050) 5 12.0. 
that the amplitude of the oscillations may have increased from 1915 
to 1928. In Figure 4 the equation 

V =0.006 (t—0640) sin 360° 36 
800 
is plotted together with the measured displacements. This formula 
represents a sinusoidal fluctuation in a period of eight hundred days, 
whose semi-amplitude increases 2.2 km/sec. per year. For the Ann 
Arbor observations, the formula gives a mean residual (O—C) of +4 
km/sec. 

It is of course a question to what extent the displacements of 
the hydrogen lines correspond to line-of-sight motions. The effect 
of the varying intensity of the absorption borders deserves investi- 
gation in this connection. Inspection of Figure 1 shows that in gen- 
eral the bright lines are displaced to the red when the dark lines are 
strong, but a detailed comparison of the data’ does not establish the 

' E.g., a plot of the measured displacements of the bright lines against the intensity 
of the absorption components. 
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hypothesis that one phenomenon is the cause of the other; it leads 
rather to the conviction that such a hypothesis is either partly or 
wholly incorrect, and that the positions of the bright lines are to 
a considerable degree independent of the intensities of their 
dark borders. This conclusion is in harmony with that drawn from 
the relative displacements of the various Balmer lines on the same 
spectrograms." 

The displacements of the bright lines show a certain degree of 
correlation with the intensities of the bright lines themselves, the 
higher intensities corresponding to algebraically smaller velocities 
(see Fig. 1). This relationship, however, still leaves open the ques- 
tion of the cause of the displacements and the changes in intensity. 


D. HELIUM LINES 


In 1915, 1919, and on July 7, 1920, helium was represented by 
faint dark lines without recognizable bright portions. The first plate 
to show definite helium emission was C 642, taken September 3, 
1920. By the following year the bright helium lines had become 
conspicuous and have remained so since that time, although with 
some fluctuations in intensity. The development of \ 4471 in emis- 
sion is particularly striking because, next to the lines of hydrogen, 
it has become the most conspicuous line in the blue-violet portion 
of the spectrum, exceeding in intensity dozens of bright lines of other 
elements. D, likewise is outstanding in the yellow region. The lines 
of ionized helium have not been observed. 

The bright helium lines are accompanied by dark borders on 
their violet side, forming lines of the P Cygni type. These dark bor- 
ders are conspicuous for \ 4471 and several other lines, and are decid- 
edly stronger than the dark lines prior to 1920. Within a particular 
series the lines of shorter wave-length have the relatively stronger 
absorption borders, as is the case with the hydrogen lines. One se- 
ries may differ systematically, however, from another series. For 
example, the lines in the diffuse singlet series, particularly XX 4388 
and 4143, seem to have especially strong dark borders. 

The intensities of the helium lines, estimated in the same manner 


1 See p. 344. 
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as those of the hydrogen lines, are shown in Table III and Figure 5. 
The intensities of the bright lines have fluctuated somewhat since 
their remarkable rise in 1920-1921, but the dark borders have re- 
mained at nearly the same intensity. 
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1G. 5.—Helium emission lines: intensity and radial velocity 
TABLE IX 
Hettum LINES, EMIssION minus ABSORPTION 
(Angstrom Units) 
| es | | E | | | 
Year Plate A 3965 | A 4009 | A 4026 | A 4120 | A 4143 A 4388 \ 4437 | \ 4471 | XN 4712 
> ire: one — fe - ot 7 ; 
1920 Ele | ae Pe, Pr Petrone eae eaaker aa | Sater A 6) eee 
1921 1060 ; | 0.99 |......| 0.96 | | ree | t.g5 fF .42 
Ex02 «| S17 | 1.19 | 0.91 | 1.16 | 1.20 }. eS ee 
1399 0.95 | 96.) O28? | -¥-82 | 1.23°) © .46-1 344 
1922 1666 eee PS ae 1.48 | 1.50 
1745 0.92 | 1.14 | 1.53 1.30 | 1.39 
1822 +4.) GeQk } £232 1.45 | 1.50 
1923 2342 1.15 g2 | 1.10 | 1.17 et a ee 
2415 [526 12.92 | &40 oe oe oe oS ee 1.89 
2470 O.97 |.3.22 1.48 | 1.63 
y 12175 ©.90 
1924 C 2750 1.73 
2892 ; 1.87 
3073 ; I .O1 ie 8 I .34 I.42 1.060 I.74 
1925 3383 ©.93 | 0.93 | 1.05 96°] £:20,) 3.224 1.48 ; 
3541 ee, 1.19 | €.24.1 5.30 Lee ah -2:365 
1926 3811 laa Pans | eae | bee 2 ern, 1.64 |. re 
) | | | | 
3046 | 1.10 1.08 0.92 | 1.32 |. 1.64 | 1.90 
1927 4321 Bre) it ee rE O00.) 5.53 
Os: a ero ot an ee, es Se ee) ee es oe ey 
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The measured intervals between the centers of the bright lines 
and the accompanying dark components are collected in Table IX, 
and the mean values are plotted in Figure 6. The behavior of lines 
in the same series (connected by straight lines in Fig. 6) resembles 
that of the Balmer series, as may be seen by comparing Figure 2. 
The variation from one line to another of the same series is approxi- 
mately as the cube of the wave-length, and a mean value for the 
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Fic. 6.—Helium: relative displacements of emission and absorption lines 


constant coefficient lies between the values for the two groups of the 
hydrogen series. 

The measured displacements of the bright helium lines, expressed 
in terms of radial velocity, are found in Table X. The lines most 
frequently used are AA 3965, 4026, 4120, 4143, 4388, 4471, and 4712. 
All these except the first give consistent mean velocities. \ 3965, 
measured on ten plates, is displaced toward the violet by 0.13 A or 
10 km/sec. compared with the mean of the other lines, but this may 
be due to error of measurement as this line is usually underexposed 
and on some plates is slightly out of focus. The lines with the strong- 
er dark components do not appear to be displaced toward the red 
relatively to the other lines. Thus, as in the case of the hydrogen 
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TABLE X 


VELOCITIES FROM Emission LINES 
(Kilometers per Second) 





Plate J.D. He 
2420000 
Ann Arbor +0707 
& 36 2205 
37 2205 | 
40 2206 
45 2207 
46 2207 
49 2208 | 
5° 2208 
51 aa reer 
52 2208 
Mean 2207 
omar >. 2270 
183 2271 
Mean 2270 
C 529 2513 : 
642 ; 2571 (+17) 
'00....... ; 2861 —4 
1193 2913 — 6 
1399 ; : 2970 ~~ 
1400 2970 aoe 
1405 id 2977 (— 9) 
Mean 2970 a 
C 1666 3158 (+14) 
1745 ; 3217 +24 
1822 aed 3276 +22 
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2415 3603 a 
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y 12175 3696 (— 19) 
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2892 3986 +18 
G 20 4062 +17 
3073 4098 (+32) 
3383 4338 + 2 
3541 4425 ie 
3811 4656 (+12) 
3935 4740 +16 
4321 5054 +15 
4418 5133 + E2 
4867 5426 — 5 
G 1094 5401 - at 
C 5026 5525 Ge, 
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lines, the dark border apparently has little direct influence on the 
position of the bright line. 

The velocities from the bright lines are plotted in Figure 5. They 
are evidently subject to more or less regular fluctuations in a period 


km/sec. 
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Fic. 7.—Helium: velocities from emission lines, reduced to one cycle 


of about eight hundred days. Figure 7 shows the velocities brought 
to one cycle by applying this period. The sine curve in the diagram 
corresponds to the equation 

(t— 4700) 


V =15.s5 sin 360° 
a 7 800 


+6.5. 

In spite of considerable scattering, the periodicity seems to be real. 
A surprising feature is the phase difference of about one hundred 
and sixty days, or one-fifth of the period, between the curves for 
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hydrogen and helium. As with hydrogen, high intensities tend to 
accompany low velocities, and vice versa. 

The displacements of the dark lines are decidedly less consistent 
than those of the bright lines. Their mean values, however, exhibit 
an interesting phenomenon. The average displacement since the 
development of the bright lines has been about —85 km/sec. In 
prior years it was much less: in 1915, —11 km/sec.; in 1919, —47; 
in 1920, —40+. In 1919 and 1920 the conditions which later led 
to the appearance of strong bright lines were evidently already caus- 
ing negative displacements of the dark lines. 


E. IRON LINES 

Iron is represented in the spectrum of B.D.+11°4673 by numer- 
ous emission lines of the ionized atom. Many of these are well 
known in the laboratory, while others (the “forbidden”’ lines) have 
been observed only in the spectra of certain peculiar stars. Lines of 
the neutral atom have not been detected. The observed lines, with 
their series designations, are listed in Table XI. The wave-lengths 
and intensities are given in the first two columns. An asterisk in 
the:second column indicates that the line has not been observed 
in the laboratory, the wave-length having been obtained from the 
solar spectrum.’ The third column gives the inner-quantum num- 
ber transitions. The usual convention of placing the lower term 
first has been followed in the multiplet designations and the inner- 
quantum numbers. The actual atomic transitions which produce 
the emission lines are, of course, in the reverse direction. The atom- 
ic relationships of these lines are shown by a Grotrian diagram in 
Figure 1, Mt. Wilson Contr., No. 354.7 

The estimated intensities of the normal lines, Fe 11, and the for- 
bidden lines, [Fe mu], are given in Table III. It is obvious from the 
plot of these intensities in Figure 8 that both groups of lines are 
variable and that they do not vary together. The relative behavior 
of the two types of lines may be found by taking the ratios of the 
estimated intensities. These agree well with the estimates of the 
relative intensities of \ 4359 [Fe 1] and 4352 Fe, made directly 
from the spectrograms (last column of Table III). These lines were 


* Mt. Wilson Contr., No. 318; Astrophysical Journal, 64, 194, 1926. 
2 Astrophysical Journal, 67, 397, 1928. 
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TABLE XI 


Tron Lines, Fe 11, OBSERVED 

















LA Int. 
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TABLE XI—Continued 


| Int. 


I.Q. Nos. | in Star Remarks 
Permitted Lines—Continued 
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chosen because they lie near together in a favorable region and have 
easily comparable intensities. The curve plotted in Figure 13 is the 
mean of the two determinations. The changes shown by the curve 
are decidedly greater than the errors of the estimates. 

The bright iron lines are narrow, fairly well defined, and with- 
out accompanying dark companions. The forbidden lines appear, 
in general, somewhat hazier than the laboratory lines. 

The measured displacements of the bright lines are given in 
Table X. The most accurate observations, depending on twelve to 
thirty lines in reasonable agreement, are given to the tenth of a 
kilometer; those less accurate, to the whole kilometer; while poor 
observations are inclosed in parentheses. The relative weights are 
about 4, 2, and 1, respectively. The results for forbidden transitions, 
[Fe 11], depend in most cases on three to ten lines and are consider- 
ably less accurate than those for the normal lines. The general 
agreement between the displacements of the normal and the for- 
bidden lines, however, is good. For most of the individual plates the 
difference, normal minus forbidden, does not exceed the errors of 
measurement, although this is doubtful in the case of C 1060, 
C 2342, and C 2415. 

The displacements of the iron lines are plotted in Figure 8. The 
curve for the ordinary lines, Fe 11, shows maxima near J.D. 3200 
and 4000, and minima near 2800, 3600, and 4400, which have the 
appearance of reality. The eight-hundred-day period exhibited by 
hydrogen and helium is thus indicated by iron for several cycles, 
but ceases or becomes poorly marked toward the end of the interval 
under observation. Speaking broadly, however, the disagreement 
of the iron lines with those of hydrogen and helium is very striking. 
The ntean displacement of the iron lines is algebraically less by the 
equivalent of nearly 30 km/sec., and the large fluctuations of hydro- 
gen and helium are not duplicated. Further reference to these facts 
will be made in the discussion. The curve for the forbidden lines, 
[Fe 11], is poorly determined but shows nearly the same mean value 
and range as that for the ordinary lines. Figure 9 shows the meas- 
urements of the iron lines reduced to one cycle with the period of 
eight hundred days. The sine curve corresponds to the equation 
° (t— 4540) 

———— 21.5. 


V=8.5 sin 360 
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F. ALUMINUM LINES 


The lines of neutral aluminum, particularly the low-temperature 
pair, AX 3944, 3961, are well known in the spectra of the sun and the 
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Ftc. 9.—Iron: velocities from emission lines, reduced to one cycle 
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Fic. ro.—Aluminum and nitrogen: velocities from emission lines 


cooler stars. A few weak lines in the solar spectrum are doubtfully 
attributed to singly ionized aluminum, but aside from this, no lines 
of the ionized atoms have been recognized in astronomical spectra. 
It is of interest, therefore, to find lines of doubly ionized aluminum, 
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Al 11, well marked in B.D.+11°4673. Lines of the singly ionized 
atom, A/ 11, also are probably present. 

The first three columns of Table XII give the laboratory data’ 
for the stronger lines of Al m1, while the remaining columns record 
the observations of the lines in the stellar spectrum, where they ap- 
pear as narrow bright lines without absorption components. For 
the computation of the stellar wave-lengths the radial velocity of 
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Fic. 11.—Aluminum: velocities from emission lines, reduced to one cycle 


the star was assumed to be — 18.0 km/sec. This value, derived from 
measurements of the bright iron lines, has been similarly employed 
for all the following tabulations of mean stellar wave-lengths. 

The Al m1 lines AX 4512 and 4529 are accurately measurable and 
yield accordant displacements, whose mean values are found in 
Table XIII, and are plotted in Figure to. The first portion of the 
plot shows large fluctuations in the eight-hundred-day period. They 
seem to cease after J.D. 2424800, but this appearance may be an 
effect of the distribution of the observations. When the measured 
velocities are reduced to one cycle by using the eight-hundred-day 


' Paschen, Annalen der Physik, 71, 142, 1923. 
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period, a fairly definite curve is obtained (see Fig. 11). The sine 
curve corresponds to the equation 


? . > (¢— 468 
V =18.0 sin 360° (¢— 4680) _ 
800 


The only badh discordant observation is that depending on three 

platesin 1919. The lines are poor on these plates, but the mean value 

has a probable e:'ror of about 4.5 km/sec., which is small compared to 

the divergence f10m the curve determined by the other observations. 

The stronger lines of A/ 11" are listed in Table XII, together with 

the stellar lines which lie near their positions. The lines are weak 
TABLE XII 


LINES OF ALUMINUM 






























































LABORATORY B.D. +11°4673 
LA. Int. Combination | LA. No. of Plates 
Alm 
4149.90 LAOS 3 | 4D,—5F; 
Poe ee vst 2 4D,—5F, 49.98 4 
WUE BB oy wes sects I 4D.—5F, 
py eee 3 4F.—5F* SEE RTS.) , eae ene oi 
pe A i ee 4 GE Bea. ccc oeGre eee ered cee a's 
BESS Bhs oh once ceca 4 4P.—4D, 12.45 14 
PE 2 GRP eee ae I ye |) a Perera Ee 
IE Fa aia eek ee 6 4P,—4D, 29.18 23 
E9OE OS). 60: 5 cca 6 4F—5D O1.7 I 
SYK. 86)... Mee tees 6 SEO | ee decide oe iano 
8263.00: ea 7 5F’—7F” wrrrrietee (coer ee 
Te Sareea Wr 8 4S—4P; § eras: 
Coe A Sa See 6 4S—4P, Be FM riot 
Alt 
tN MERC 10 3'P—3'D 00.56 2 
S005-GOTE «6.052. 4D—10F PPE EE. oe 
Pe ee) ee a 4D—93F 27.46 | I 
UT CE) ES eee | 6 4D;—8F; Ee ee, phd ay ae 
Ee ee 43D —8F 88.5+ 3 
Ae eee II 3'D—4'P 63 .08 8 
Co 2 Dy eee ere | 6 53P:—8D le. 62 
COS Se Oe ie eter ea, 8 53P.—8D area , 
 ” re 6 5'°P—g'D 
Cae © eee ae 10 4'P—s'D 
CONN Aes. ee tiaies: 10 45P,.—43D, 
"* Near 3900.53 Tit. {Near strong Nitline. | —«‘¢ Close multiplet. 


§ These lines are in a region of the spectrum which is poorly observed. Perhaps faintly present on 
grating plates. 


t Sawyer and Paschen, Annalen der Physik, 84, 1, 1927. 
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in the star and the correspondence is incomplete, but the line \ 4663 
seems fairly conclusive evidence of the presence of singly ionized 
aluminum in the star’s atmosphere. A few satisfactory measures of 
this line are available, and these give displacements agreeing with 
those of Al 1m (see Table XIII and Fig. 11). 


TABLE XIII 


DISPLACEMENTS OF ALUMINUM LINES 


Alm 





| | 4] 
Plate J.D. | seeen 04663 
| 409 
| 2420000 | km/sec. | km/sec. 
Rg BS RO esas +2207 } — 7 Bis Sate 

SS Sail re | mig | (- @ — 

_ | SRR ee nce 2571 (= I) | — 7 
NS ois 15 2 pec Bre | 2861 — 30 ye 
RMR eo ales 2913 — 34 SER, eee 
BAe as es See oie 2976 | — 30 —46 
LY Re Se: | 3217 — 6 te Perabo 
ae ees 3276 — 3 ae eee ee 
2342 3604 (—43) Loree 
TED 3604 28 adage 
7 eae ae 3893 (—=s8) — ecoraceess 
Poe Fielwe shee | 3986 — 6 Re eacrere ore 
RR he i aioe es 4008 + 6 Va ater 
BORE Stic wdc) s sin Fae 4338 —20 —A2 
RR fb ai ess 4425 | —47 — 36 
3811 4656 3 RS Pa ee 
EE esd. ais! 5 8. | 4740 as eae ere 
ee ee ee 5054 (—27) Jove sere 
OS A ene 5133 J eS eee cera 
BEE ks cases oe ie pe 5426 = 20 Nae 
oO eae ee 5525 (EE) 


G. NITROGEN LINES 

The ionized nitrogen lines, although not very intense in this 
spectrum, are of special interest because, as with iron, both ordinary 
and forbidden transitions are represented. The laboratory lines, in- 
cluding \ 3995 and the group near \ 4600, although not uncommon 
in absorption in class B, are of infrequent occurrence in emission 
in stellar spectra. The forbidden lines \A 5755, 6548, and 6583, have, 
I believe, not heretofore been observed except in nebulae. It is possi- 
ble, of course, that a very small peculiar nebula surrounds this star. 

The correspondence between the spectrum of NV 11' and the stellar 
lines is indicated in Table XIV. An asterisk after a stellar wave- 


* Fowler and Freeman, Proceedings of the Royal Society, 114, 662, 1927. 


















aBss 08. ..< 3: 2 23P,;— 23P, ace Weak if present 
SBRO OF > 5... ae 3 23P,— 23P, ......| Near 3856.02 Sz 11 
BOE MOOG bee 8 r3P;—23P, | o2.89* 
AOGT OTT. occ kes 7 3P5—23P, | OF.07" 
OES Ca ons aes 6 3P{—23P, 14.43* 
ADBT AO. Mo is 7 13Pi—23P, 21 .46* 
A050:85 We... oes 10 3P3—23P, ie a 
MBB AIA og eis 8 3P3— 25P, | 43-73" 
AD56 BE eee BDi;—13D;, 80.3 | 1 plate 
Po. ee 5 nDi—13D, 88.04 
AUS 29. tts 66: 6 3Dj— 13D; 03.10 
ey ee 4 SSH ihe Paice ce ae aes 
MM ois ess 6 3S;—13P;”" 94.2 1 plate 
oo ey re 7 BS{— BPs” ? 
Te OS ae 5 a3Pi—a3D} 34.9 t plate 
Singlet System 
SOR 4) acc ets 10 uPi—1'P, 95.20* 
Poe a ee eee 10 2D3—1'D,? 47.20 
OABFOT. aca 8 Pi}—2'D; 83.0 1 plate 
Intercombination 
RR Be ecto (cae 6 3Pi—1'P, 55-95 
Forbidden Lines 
Le) a a'D,—a'So 54 A real line but meas- 
ures poor 
Ce) ee Eocene a3Pi—a’'D, 47.8 
Lo A BES ce Ae a3P;—a'D, 83.4 
Unclassified Lines 
ce 5 6n 5 Be oe 36.71 
pS | 8n Be Ds currence | 42.03 
| ° 26.2? 1 plate 
4427.2h.... 28). 2 27.68 
4427.97 2 ) 
4432.71 . 6n aed 32.60 
4441 .9go. - 3n 41 .g0 
4000;60...... re) 10.3 1 plate 
4508-5 90).. 005. { | Q5.0 1 plate 
6610.58 6 11.9 1 plate 
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TABLE XIV 


LINES OF NITROGEN, N 11 
LABORATORY B.D.+11°4673 
I.A. Int. Combination I.A. Remarks 


Triplet System 


* Both bright and dark components 
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length means that both bright and dark components are present; 
for the remaining lines bright components only have been observed. 
The line \ 4631.04 probably deserves an asterisk, but the presence 
of the strong iron line \ 4629.33 prevents a definite observation of 
the dark companion to the violet of the nitrogen line. In addition 
to the lines listed, the stronger members of the 3D’—3F’ multiplet 
are perhaps faintly present in the star. 

TABLE XV 

N 11, EMIssIon minus ABSORPTION 


(Angstrom Units) 














Plate d 3005 | 

LSS TP oP LET, CM rans Sy et A ond ree ee 7 tod he Ree ee 
1060 0.68 1.08 I .47 2.56 
RON @ oy siete ing cancion .95 1.10 I.42 2.30 
DID ses ha ar oes ho UR aso how |G oo mses, ee eens 1.38 1.46 1.89 
Msg Bide sie ois, MOAR eas A rena ee RAO er re 2.02 1.93 
WN Gi Fare EIS Re Sy cea ted te Mawr os Docsie vietsh are, copaage I.gI 2.28 
EMO i255 ook: lok Ae La toe ee Ae I.59 Reed Percale a sea oe 
2415. 0.83 Ree eee kara Rea rag. a SNe. | (epee earer 22%, rer 
2892. eign ud Bee. bots vant wien 
3073. 1.03 2.48 1.89 2.01 
ERR Aan Sein aA eae 0.89 0.96 1.16 2.00 
3935 a mae Ol era ec: ) Ga etree y 
ES. «5c teenies spa eal eMaRe coctals aa elel attra ealaeiote aa 2.39 
BM AURA gsc eine cre cocipia eed eee enor, | 2.52 | 2.51 2.89 
RED oye chica adh te Vocaeo Sete 88 Jiseee cree ee efee. ; 

ST EP er eer ere 0.89 1.59 | 1.66 2.26 


Most of the nitrogen lines are weak at best, and it is accordingly 
difficult to trace their variations in detail. Inspection of the plates 
shows, however, that, like the helium lines, they have been stronger 
since 1921 than before. The behavior of the strongest nitrogen line, 
d 3995, clearly parallels that of the helium lines. In 1915, 1919, and 
probably 1920' it was an absorption line, while from 1921 on it has 
been a well-marked bright line with a dark border on the violet side. 

The measured distances between the centers of the bright and 
dark components of four lines are found in Table XV. With the ex- 
ception of \ 4643 the relative displacements of the dark components 
are about the same as for hydrogen and helium (see Tables IV and 

‘ The region of this line is poorly shown on the 1920 plates, but the line does not 


appear bright. 
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IX). 4643 is in a somewhat confused region and may be interfered 
with by other lines. 

Apparent radial velocities derived from nitrogen emission lines 
are found in Table XVI and are plotted in Figure 10. While the 
accuracy is not high, it is sufficient to show that the behavior re- 
sembles closely that of helium (see Fig. 14). The velocities reduced 


TABLE XVI 


RADIAL VELOCITIES FROM EMISSION LINES 





Plate J.D N Si | Ti 
2420000 km/sec. km/sec. km/sec. 
Gis ase +2205 ~—45.5 f 87.3 
ee ey ee 2206 — 21 — 28 
Bie eck g ws Wa 2207 «cote tate ab abavea eatatecu eran —160.7 
BD 655 ahs GENCw oF 2207 Te fer —16 
a ect chat c sees 2208 ae EAR TORS Ve ees | ~—3¢.0 
RSS ca) and rah ate give. ceed et BER 85 50 'n:<,viaisia dah ee bre eae | «S76 
Oe ks ae ee 2513 ts eee En Pca eer eke” BP ke ek mite aie! bre 
ON ME ee ha atu e 2571 +1i1r1+ EP SARE en se 
NOUS ae 2861 St a ta ee —30+ 
RE care sae 2013 | —10.2 +17+ —31.4 
WN Ae hs ie marae 2976 — 8.1 +11 —18.1 
Oe I ree 3217 ee ee ee ee ae —24T 
1822 3276 + 21.1 beac Rats emia hie ates 
NS A Set es" 3604 — 9.7 +10+ | —- 7tt 
72) | er ere dates 3063 =A ere Cerrar res 
a ee ee atin 36094 ox Fe wiaea ate ass —10t + 
Ee a ec Lak 3986 +12+ Se |e en em ee 
RR BM ead wees ee 4062 ee eee ay ae) co Pee 
Oe). eee ate 4098 + 30.4 ESAS neeebuiees.« Ol ee 
Ce eee 4338 — 6.4 aiden ae oats Bin Bi aan x SAGA 
ERR IN, Rs om 4425 —12 PROOR Eo Pe ae Btn hea i a 
ME are goes ag 4740 +11 +28+ Jrceceeeeeee. 
ME. oom as os PR ates 5054 +T 5 is sea ate Bs ee are Me: 
ee err 5133 — 3t +14 Rites 
Me. es ; 5426 — 1.4 eee ae —12t 
2 a pee ee ‘ 5461 eee es en ee eee 
aS See aaa rae 5525 ° en eit Py eee -e 


to one cycle are plotted in Figure 12. The sine curve corresponds 
to the equation 


‘ : ~. (t— 4660 
V =17.0 sin 360 - ee 
00 


The apparent displacements of the dark portion of A 3995 ex- 
hibit a decided progression of the same character as that of the dark 
lines of helium (see p. 352). Mean values are as follows: 1915, 


+4km/sec.; 1919, —37; since 1921, —62. 
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H. SILICON LINES 
Silicon is certainly present in the atmosphere of this star, and 
the behavior of its spectral lines is very interesting. Neutral atoms 
(probably), as well as those in the first three stages of ionization, 
are represented by bright or dark lines or both. As the lines are 
not strong and the observations of most of them are therefore scat- 
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Fic. 12.—Nitrogen: velocities from emission lines, reduced to one cycle 


tering and somewhat unsatisfactory, a number of interesting ques- 
tions, particularly concerning changes, must remain unanswered. 

Table XVII contains a list of the stronger silicon lines taken from 
Fowler’s convenient tabulation,’ with notes on their presence in the 
star. The evidence for the first three stages of ionization seems quite 
convincing; that for the neutral atom less so because it depends on 
one line, \ 3905. Among the lines of Sz 11, \A 4128, 4130 are sur- 


* Philosophical Transactions of the Royal Society, A, 225, 1, 1925. 




















THE SPECTRUM OF B.D.+11°4673 365 


prisingly weak. It is interesting to note that this is true also in the 
spectrum of another peculiar bright-line star, Z Andromedae.' 

Both bright and dark components of the Siu lines Ad 4552, 
4567 have been measured on a number of plates. The mean values 
of the distance between the centers of the bright and dark portions 
are slightly less than those for hydrogen, helium, and nitrogen 
(see Table XVIII). 

TABLE XVII 


StLicon LINES 


L.A. | Int. Spect. | Series Star | Remarks* 
3856.02... 8 II X1— 2?P, 55.90 
3862.59.... 6 | X.— 2?P, 62.5 1 plate 
3905.52....| 10 I a'So—a'P, 05.58 | 
4088.86....| 10 IV 27S — 2°P,; ...| Absorption only 
4102.04:...1 5 RRA ee ..| Too near Hé 
4116.10....} 8 | IV 27S — 2?P, | Absorption only 
BI98-06. 22.1. & -t 2 2?D.,— 3? pa Nis 
4130.88....| 10 | W 2D, — 37 ees jWery weak or absentT 
4552.65... / i 23S — 23P, 53.21 | Absorption with weak bright 
| fringe on red 
4567.87....| 7 III 23S — 23P, 68.37 | Absorption with weak bright 
| fringe on red 
4574.78....| 4 III 23S — 23P, ....| Absorption only? Near 4576 Fe 
4716.66.... 5 | @ AEN eee 16.9 | 1 plate 
504r Ole... 3 | I PPs—3 Ds |... 2.005 ne 
8066.02..../. 16 | HH 2?P,— 37D; 57-7. | 1 plate 
§204.5%...-| 3 II Ne ee 02.7 | 1 plate 
5669.50....| 4 II eae , ...| In poorly observed region 
. | | I P ts 
5739-62....; 8 | m1 In poorly observed region 
5957-61....| 5 | I 2?P,— 3S 57-4 
5978.07:..:1 7 | 2 2°P,;—3°S 79.01 
6347.09....| 10 | 27S — 2?P, 47.2 
6574.26...) & a } 27S — 2P, 70.3 1 plate. Blend ? 





* Lines in the stellar spectrum are bright unless otherwise noted. 
t On a few plates there are barely perceptible traces of emission. 


A few measurements of the displacements of the bright silicon 
lines are collected in Table XVI. The lines are weak and the meas- 
urements scattering and inaccurate. The apparent velocities seem 
in the mean to be algebraically larger than those of iron and alumi- 
num, and to correspond more nearly to those of hydrogen, helium, 
and nitrogen. This is doubtless connected with the presence of the 
dark border on the violet side of several silicon lines. 


« H. H. Plaskett, Publications of the Dominion Astrophysical Observatory, 4, 119,1928. 
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The absorption lines are measurable on more plates than the 
emission lines, and are accordingly tabulated by themselves in Table 
XIX. 

TABLE XVIII 


EMISSION minus ABSORPTION, SILICON LINES 


| | 
Plate | d 4552 d 4567 
Citta... ee iterke eho feo 1.2A | 1.6A 
oo ae eer paietacee Et cr slar gh Oa, sits & ate 
ee eee ihe ee) Nari ee Pre ey :.2 
3073. ‘ eae dogtte sth ane ARace erleveus ee ; 1.8 
3383 Pua Ess E.2 
3035 ; ae © ae ORs re 
4418.. a g.2 r.2 
I al esos esd e 


wa 
| 


Si m1 





aren ba a Si Iv 
Plate | Ar 4552, 4567, | Ad 4088, 4116 
4574 
: 5 ——|—$ $$ ___|__—_— 
km/sec. | km/sec 
C 37-50. See ual — 19 | — 30 
529 ; — 16 A a 
642 , o~: 23 
1060 aE — 71 
1193. . | — 7, 4 — 54 
1399 ee = On: || 
1745. ; “al a 
1822.. eer — 62 | am 
2342... send a — 39 
a a ee re Setieee SNTEer a — 40 
2470.... | =e 1 
2750 ; — 68 
2892 — 44 
3973 - ce: Sa ak 
3383. weal wey a — 30 
3541. weeeas ~ ae $3 
3811 tare A j : — 83 ; 
3935 eee mae a0 
BABE sisi: Ree ee > lee PIe rete 
4418... “sina — 64 Se ae 
4867. . — 77 —58 
5020...) Nad ae ves gee Ne SRO ee ea 


I. OTHER ELEMENTS 
Titanium.—A few emission lines of ionized titanium (77 11) are 
faintly visible on a number of plates. These are indicated in Table 
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XX. Concerning changes in intensity, about all that can be said is 
that these lines were probably stronger in 1919 than in later years. 

Displacements measured on a few plates are recorded in Table 
XVI. The mean displacement is nearly the same as for iron, the 


TABLE XX 


LINES OF IONIZED TITANIUM, 77 








LABORATORY B.D.+11°4673 

I.A. Int. Spark Classification* L.A. Remarks 
Ea eee 70 | a?G;—a?Gi 00.56 Blend with Al 11? 
PCT ae 2 one 50 a4Pi;—a4D} gO .09 
ME UME. o's «50 6-010 a aD,—a?D; 04.01 
4900.06. .......%. 60 | aiP{—asD; 00.08 
Pe Se, eee 15 a4Pi—a‘D; 01.78 
pe ee 40 a4P3;—a‘4D; 07.87 | 
rs Sere ieee atP{—a4D; 12.79 | 
PCY. Sine 40 ‘(| a4Pi—a4D} 14.30 | Blend with Sc m? 
pe y eo ee oS 50 hl she sean ...| Too near Hy 
oe: re 15 Fi —b?G: 67.93 | 
px |) ee ae 60 pe ipa 96.00 | Blend? 
43990 -77...+-.--- 35 a?P,—a4D; 99-77 | 
pore. ree 50 a?D,—a’F, 43.42 | ; 
pt 50 | a?G,—a?F, eee Too near He 4471 
Cy Oe re 40 a?G,—a’F; o1.2 | 1 plate ; 
PCr A: a re 30 a?P3}—a?D}j 34.08 | Blend with Fe u 
4686 O48... ....): 6on a?H¢—a?Gi 49 .62 Blend with Fe 11 
BESS Sic 3 Os 065 5on a?H{—a?G; 71.8 | 1 plate 


* Russell, Mt. Wilson Contr., No. 344; Astrophysical Journal, 66, 283, 1927. 
TABLE XXI 


LINES OF IONIZED CHROMIUM, Cr It 


I.A. Int. Spark B.D. +11°4673 
Ce 10 Near strong Fe 1 line 
as5e.60:......- 20 58.67 
7 St 20 88.5 
pe 10 18.4 


4094.0... «. 10 34.7 1 plate; blend? 


behavior thus differing from that of » Carinae, whose titanium lines 
are displaced about half an angstrom toward the violet with respect 
to those of iron. 

Chromium.—lIonized chromium is barely recognizable by means 
of the strongest lines in the b*F’—a‘D’ multiplet. The laboratory 
and stellar measurements are given in Table XXI. 
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x 


Magnesium.—The ionized magnesium line \ 4481 was measured 
as a narrow and very weak bright line on five plates. It is probably 
variable. 

Carbon.—A faint emission line measured on two plates at 
\ 4267.0 may be the C 1 line near this wave-length. 

Scandium.—Weak emission lines measured at \ 4246.84 and 
d 4214.36 are probably due to ionized scandium, although the second 
one may be blended with 77 1 4314.98. Several other strong Sc u 
lines are doubtfully present in the stellar spectrum. 

Nebular lines.—The chief nebular lines have not been observed, 
but the red pair \\ 6548 and 6583 and the fainter line \ 5755, 
ascribed by Bowen! to N m1, are present. This accords with the fact 
that numerous laboratory lines of nitrogen have been measured in 
the stellar spectrum, while no lines of oxygen have certainly been 
identified. The line measured on ten plates at \ 4658.06 probably 
corresponds to the line whose wave-length in RY Scuti? was found 
to be \ 4658.08. Two plates, C 1193 and C 1399, on which lines of 
Fe 11 are especially strong, give \ 4657.30. This is probably a blend 
with d 4656.98 Fe II. 

Detached lines —F aint absorption lines are visible on a few plates 
in the positions of Ca 11, \ 3933 (K) and Nat, Ad 5890, 5896 (D,, 
D,). Approximate velocities yielded -by these lines are: K (2 
plates), —17 km/sec.; D., D, (2 plates), —27 km/sec. The correc- 
tion for solar motion is +11.4 km/sec. 

Complete list of lines.—Practically all the lines measured in the 
stellar spectrum, with their intensities and probable identifications, 
are collected in Table XXII. For the computation of the wave- 
lengths a radial velocity of — 18.0 km/sec., derived from the bright 
iron lines, has been assumed. Certain lines, such as those of hydro- 
gen and helium, to which the application of this velocity would 
clearly be inappropriate, are inclosed in parentheses. Special dis- 
cussions of the positions of these lines may be found in the preceding 
pages. The intensities are visual estimates with the measuring mi- 
croscope and make no pretense to high accuracy. Nearly all the 
lines vary in intensity, but it was not considered feasible to indicate 


* Astrophysical Journal, 67, 1, 1928. 
2 Mt. Wilson Contr., No. 349; Astrophysical Journal, 67, 179, 1928. 
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TABLE XXII 


COMPLETE List oF LINES 





I.A. Int. Identification Excitation Potential 

CMMs wend a 255s al 2 35.90 Hn 13.4 

3855.90 pe ace I 56.02 Sill 10.1 
Ly et ere ack. I 62.59 Si Il 10.1 
ro ee » 3 89.05 Ht 13.3 
ee I 00.53 7ill, 00.68 All r £3 
$008 -5o...:. I 05.52 Sil S51 
es I 33.66 Call | 0.0 lower term 
ce”: ER a are Ebi vis Heteaniee) ce + cd. 2i2 ceesin ae ee ee ies 
Cyt ee? ° 55.85 Niu 4 
(3964)*.... 2 64.73 He! 23.0 
fo): | per ae 5 70.08 He 54 
Cy 2 95.00 Nir [ -an8 
ee os Se ee I 09.27 Hel | 24.2 
pe eee 4 26.19 Hel | 24.0 
MM SOR iso 85%. : ° saat ees ee eae eee 
ee 2 88.86 SiIv | 24.0 lower term 
Yo): ) . 10 o1.74 Hé .  3g4 
Yh 2 | 16.10 SiIv | 24.0 lower term 
PO a ere 2 20.81 Het | 23.9 
4122.64.....6.; 2 22.67 Fell Po 
EN are ae 2 43.77 Het 24.1 
MEO ais oe <o.s : ° Trip. Al m1 | 23.5 
Pe Sarr Nats 3 73.48 Fell ee 
Ty. See I 77.22[Fem], —? | 3.2 
Pe. : ore 4 78.87 Fell os 
SS A ee ek ° : ee See ec entre We ay hd 
7 Oe a ra 6 33.16 Felt | ss 
Pec) ° 30.98 Nu ee 
rN 2 ae ° Oe FO ee ee fe are eo ony ete 
eS a ee eae ° 41.80 NM ? 
MMM Ro e's. << satu oe I 43.97 [Fe], 44.85[Fem] | 3.1, 3.2 
Ee i ° 46.83 Sc => 
pO oh ° (ia-sie'd al'dc 7aly 0.0 oeaintsh 6 tec EEE aS Me heteaees 

104 > re I 58.16 Few Pr eg 
yO aC eee ° 67.27 Cll, 67.02 CI | 20.9 
Pe ae ee ° 73.31 Fell eG 
4277.00... ... I 76.87 [Fe 11] 3.2 
Fe) ee ° PEE EE eT ee 
MES ome os ne ° PE SEE Mes eR A 
CS Oe | 3 87.40 | Fe 11] 2.9 
4290.09. oa Se ° 90.23 Till 4.0 
ae ae ° 94.10 Ti II 4.0 
Pe | Se ee 2 96.56 Fe tr 5.6 
PN A eee ° 00.05 7i ll 4.0 
4708. 78...%...% ° or .93 Ji 4.0 
4303.18. 2 03.18 Fell Seo 
4307 .87 fo) 07.89 Jil 4.0 
4312.8 ° 12.88 Till 4.0 
pe: re fe) 14.09 Sc, 14.98 77 01 ee Ee Mo. 
4317.52 ° S Aaa he 61 ae insted 
4319 .89 ° 19.64 [Fem], 20.73 Sc 11? 2°9,:3-5 
(4340)*. 18 40.47 Hy 13.0 
4345** Ci Ve REA el Ne Pa ee nce eee ain eee 





370 PAUL W. MERRILL 


i 
- 


TABLE XXII—Continued 

















i | 
4g I.A. Int Identification | Excitation Potential 
i : aan | oo 
if 4349 .g0 iva sha eR ee sie al at aoe REISS PEs rae nee 
i 4351.84 3 | 52.77 Fen 5.5 
ii 4352.7 o 6| 52.80[Fe1] 3.2 
iB 4358.3. o | 58.38 [Fe 1] 3.2 
fe 4359.35. 2 | §9.34([Fe m1] 2.9 
i 4367 .93 I | 67.67 Tim, —? 5.4 
; 4369.22 o | 69.41 Feu, —? 5.6 
SS ee ° 72.46 [Feu]? 3.2 
4374.7. o 6| 74.46 Sem? 3.4 
4384.6.. I Woes SE Ee te oe Ea We ar 
4385.26 2 | 85.39 Fel 5.6 
(4387) * 2 | 87.93 Her 24.0 
4390.0 ° PL ee eee Cone a er ares oe 
pe a eee o | 99.78 Tin 3.0 
eS oy tree 2 | 13.79[Fem] 2.9 
PES OO er 2 | 16.81 Fem, 16.28[ Fen] 5.6, 2.8 
4419 .80%. ° eit tk ae tis che ee OA ee RR Par Roh ate ce 
Se o | 26.05 Ni? 
4427.68... ° | 27.21 Nu, 27.97 Nu 2? 
4430.94*. Ee TE RS EA. Citas tena 
4432.60... 1 | 32.71 Nu ? 
(4437)* o | 37.55 Her 23.9 
4438.7... OS. c}s caeewareawn er eee eee 
4441.96. o | 41.99 Ni ? 
4443 .4.. o 6| 43.80 71m? 3.9 
4447 .29 I | 47.04 NI 23.1 
4452.08 I 52.09 [Fe 11] 2.9 
4458 .09 ° 57.96 [Fe 11] 2.7 
4401.5.. RN eee So ra Rene aS, Somer Shee 
ry) ° 64.46 Tim? 3.9 
(4471)*. 9 | 71.48 Het 23.6 
4481.40. ° 81.33 Mgt 11.6 
4489 .09 2 | 80.21 Fem, 88.77 [Fe 11] 5.6, 2.8 
4491.40. 2 | oOLaghen 5.6 
4501.2... | o | o1r.277in 3.8 
4508 49 ....:. he eee 2 | 08.29 Fel 5.6 
4512.45... ae I 12.54 Al 1 20.6 
4515.41... Hye 2 | v5.34 Fen 5.6 
4520.26 tea F 2 | 20.24 Fer ee 
Oe ee ree 2 | 22.64 Fer 5.6 
4529.18 2 | 29.18 Ali, 28.91 Alm 20.6 
4532.5.. I Ee eee eR Ee es ee 
4534.08... see I | 34.17 Fen,.33.07 [41 5.6 
Bens s Wate is 2 eat ne PRO te ah BY Ae Slee + er 
Pe RR ae 1 | 41.52 Fen a =" 
ee wee, 4 | 409.48 Feu, 49.64 Tim | 5-5 
aues.at*.... o | 52.65 Sim | a2.2 
4555 -85.. | 3 | 55.90 Fem nae 
. 4558.67.. o =| 58.66 Crit | 6.8 
4568 .37* o 6| 67.87 Sin | 22.2 
4571.8 o | 71.98 Tin | 5.8 
(4574) ** 1 | 74.78 Sim | 19.5 lower term 
4576.24. 2° | 76.32 Pen 5.5 
4583 .73 4 83.84 Fel 5-5 
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MGI: «hesiheg es os 
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Continued 


Identification 


70 Fell 
49 Nu 
i7Nu 


.60 Nu 


88 N 
84 Crim? 


40 Na 


33 Fei 
55Nu 
1 NI 


08 Neb. (56.98 Fe 11) 
05 All 
75 Fei 


14 Het 
o9 [Fe 11] 
49 Fell 


Nu 
Niu 
[Fe 1] 
Hp 


WwW 


vin 


92 Fell 
36 Nil 
13 NU, o1 
14 N Il, 07 
68 Hel 
44 Fell 
o2 Sill 
o5 [Fe 1]? 
03 Fell 
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31 NI 


.56 Feil 


51 Silt 
62 Fer 
o1 Fel 
62 Fell 
56 Feu 
87 Fel 
84 Fer? 
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.96 Nal 
.93 Nat 


61 Sil 
97 Sill 
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TABLE XXII—Continued 


L.A. Int. Identification Excitation Potential 

"i to fie aera, Range 2 47.09 Sill b FO3% 

RI Os Cook tate ey tr | 9€.3265¢u,— | 26:2 

i) ey Tee Se hy rie, I | 83.82 Ferr? mm 

ON Se a, © | 07.32 Fer : 2 

Oy a ee OOP o | 16.92 Fem? 5.8 

Oe eee oe er 32.69 Fen | 4 8 

eS ee ree oe RE OS ee OS, San cere Soc a aE diet ae ees 
ee ee | I 56.39 Fei 5.8 
rc aes Ss ea en op east So IES Un RIOR alee asl 
J Fe eee I 16.08 Fe ir 4.8 

oe A ee eee 3 [NV m1] | 3.9 

OS aa ae rare 100 62.79 Ha | 52.0 

ROR ore eh he eanusices 4 [NV 11] } 1.9 

ROR Sock, UR ee 4 78.15 Her | 23.0 





Most of the lines are in emission; those which have an absorption component on the 
violet side are marked with an asterisk. The wave-lengths and intensities for compound 
lines refer to the bright portions. Absorption lines are marked with a double asterisk. 


in this table either the mean values or the variations. Instead, two 
plates, C 1193 and C 1399, taken when the iron lines were especially 
strong, were chosen as a basis for the recorded intensities. The ex- 
citation potential in the last column is that corresponding to the 
upper of the two terms involved in the production of the line. It 
represents the energy required to change the atom or ion from its 
lowest state to one in which it can emit the line under consideration. 
For absorption lines the excitation potential is that of the lower 
term. 
IV. DISCUSSION 

Detailed data concerning numerous spectral lines having been 
recorded in the preceding pages, it now becomes of interest to com- 
pare the behavior of lines of the various chemical elements. 

Table XXIII shows the various ionization potentials of several 
elements in the stellar atmosphere. The columns headed I, II, III, 
and IV give the energy required to detach from the atom the first, 
second, third, and fourth electrons, respectively. The stages of ioni- 
zation whose lines have been observed in the spectrum of B.D.+11°- 
4673 are marked either by X for emission lines, or X* for emission 
lines with absorption borders, or X** for absorption lines. 

That the maximum excitation exceeds 33.4 volts (the ionization 
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potential of Sit) is shown by the presence of lines of Sz1v; and 
that it exceeds it but slightly is suggested by the fact that these 
lines are in absorption and of moderate intensity. The absence of 
d 4686 of He 11 indicates that the excitation required for its produc- 
tion, about 50 volts, is not available. 

From Tables XXII and XXIII we note that elements appearing 
in emission only are Mgt, Alu, Alm, Si1, Siu, Tim, Cru, Few 
(including forbidden lines); those whose lines have both bright and 


TABLE XXIII 


IONIZATION POTENTIALS 











(Volts) 
I II III IV 
YS RR ee ne >. polit £ e Emenee fone Meee ree, OB Fo 
| eae ea eee er eB La. de clos aid cea ae a ee oes 
| ee ee ee came? ee. See ON eee ee Spe +, Ae 
} | eee eae Seat A mC Pe re pre eer ae 
Wiis bs ba vin owls pe) Gt A Se te Baia eo. 
ECs ciateid corn Miata a Mm S.a |} SX 2609) SE eae 2 es.0 
(ER ager te — 6.8/]X 13.6 Ps adawtacc luk wean 
a ree eee ome Oye hE - BGROUs, 2. Svea Peas umes s 
Wed Ss cree ak cee, OB WO Bo hae 60 i oe ee ee 





dark components are H, He1, N 1, Si m1, while Sz tv has only dark 
lines. Dark lines of Na 1 and Ca 11 were observed, but they originate 
presumably outside the star’s atmosphere. The behavior of silicon 
indicates that it is very abundant. 

The most remarkable event in the recent spectroscopic history of 
this star was the outburst of helium emission in 1921. This was ac- 
companied by a notable increase in the intensities of the bright lines 
of H, Feu, Nu, and Ali. Lines of [Fe u] and Si m1 did not take 
part in this increase, while the behavior of numerous weak lines is 
uncertain. Curiously enough the enhancement of the iron lines was 
preceded by a decrease in intensity from 1919 to 1920 (see Fig. 13). 
The behavior from 1915 to 1919 is unknown. 

Since 1922 the curves for hydrogen and helium have little in 
common. Hydrogen and iron (laboratory lines), however, exhibit a 
general similarity throughout the whole observed interval. These 
circumstances remind one of the fact that in normal Be stars, bright 
iron lines are of much more frequent occurrence than those of he- 
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lium.' The conditions required for the appearance of bright iron 
lines in stellar spectra seem intermediate between those for hydrogen 
and those for helium. 

The forbidden iron lines behave quite differently from those due 
to the permitted transitions, as shown clearly by Figure 13. The 
curves for helium and forbidden iron have certain similar features 
but disagree radically at times. 


Int. 
" a ae We to wee sop 























° bo = ae 


Ratio 














}.Di242 2600 3200 3800 4400 5000 


Fic. 13.—Intensities of emission lines. The lower curve shows the relative intensity 
of the forbidden iron lines, [Fe 11], and the laboratory lines, Fe 11. 


The relative displacements of the bright and dark components 
of compound lines of four elements are compared in Table XXIV. 
The first value for nitrogen is for the line \ 3995, the second (4604) 
is the mean for the lines \A 4601, 4607; that for silicon (4560) is the 
mean for the lines AX 4552, 4567. To compare with these, the hypo- 
thetical displacements of hydrogen and helium at 4580 were taken 
from the curves passing through the observed lines of these elements 
(see Figs. 2 and 6). This procedure is necessary because of the rapid 
variation of displacement with wave-length—approximately as the 
cube. As noted on an earlier page, the values for hydrogen fall into 


t Mt. Wilson Contr., No. 334; Astrophysical Journal, 65, 286, 1927. 
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two groups. The displacements for the four elements are not greatly 
different in spite of the fact that the hydrogen and helium lines are 
much stronger than those of nitrogen and silicon. Whatever the 
cause of the phenomenon, it evidently has about the same effect on 
the atoms of at least four elements. 

TABLE XXIV 


EMISSION minus ABSORPTION 


f1.2A 
H (4580) . 1.8 
Het (4580) 42 1.6 
{ X3005.... nik 4 sal, 
Wi “9999 — 
| (4604).... a . 1.63 
Sim (4560). dsnar? Se 


Measurements of the dark helium lines show that their effective 
centers moved toward the violet with the development of the bright 
components. Even in 1919-1920, before the appearance of definite 
bright lines, the dark lines were somewhat displaced, as indicated 
in Table XXV. Similar behavior was exhibited by the N 1 line 
3995, and by the Si lines AX 4552, 4567, 4574, although the 
change in the silicon lines apparently took place somewhat later. 

TABLE XXV 


DISPLACEMENTS OF ABSORPTION LINES 


IQIS IQIQ-1920 1921-1928 

km/sec. km/sec. km/sec. 
| TRE a SAE OE rte —II —45 —85 
NWN 26:200%,........ + 4 37 62 
Si M1 4552, 4567, 4574 —13 —19 —69 


To facilitate comparison the measured displacements of the 
bright lines of several elements are plotted in Figure 14. All these 
curves have been given separately on previous pages. The inter- 
pretation of the displacements is a difficult problem. They may not 
be caused wholly by radial motions, but other plausible explanations 
are lacking. 

Preceding discussions of individual elements have brought out 
the fact that the oscillations are fairly well represented by sine 
curves having a common period of eight hundred days but diifer- 
ent amplitudes and phases. Table XXVI brings together the con- 
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stants of such curves for seven elements. The third column gives 
the semi-amplitude of the oscillation; the fourth and fifth columns, 
the velocity and the Julian day when the phase angle is zero; while 
the last column indicates whether or not the ‘ines are accompanied 
by a dark border on the violet edge. 

In terms of a spectroscopic binary orbit the meaning of the vari- 
ous columns is as follows: “‘Amp.,”’ the orbital velocity (assuming 
the orbital plane to contain the line of sight); V,, the velocity of the 
center of mass; ‘‘Phase,’’ the time when the source of light is in that 
part of its orbit nearest the earth. On the hypothesis of volume 

TABLE XXVI 


DATA FROM BRIGHT LINES 


Element At. Wt. Amp Fe Phase J.D. Dark Comps. 
km/sec. km/sec. 2420000 
ee 1.0 20.5* + 11.5 +4860 Yes 
| eee 4.0 15.5 + 6.5 4700 Yes 
|, 2. Sees 14.0 17.0 + 6.0 4660 Yes 
AVI... 27.0 18.0 — 20.0 4080 No 
(iS: Mee 48.1 7°? —20 Sica Ores No 
dO 55.8 8.5 —21.5 4540 No 
EROUBD. jo 5 60:8 55.8 7 —16 5 ae ore No 


* Increasing? ‘ 
pulsation, ‘“Amp.”’ is the maximum integrated velocity outward or 
inward; V,, the velocity of the star as a whole; “Phase,” the time 
when the star is the largest. 

It is astonishing to find large differences between the data for 
various elements. Those for helium and nitrogen agree within errors 
of determination; the data for titanium and forbidden iron lines are 
uncertain, but resemble those for permitted iron lines. This leaves 
four groups which apparently cannot be reconciled: namely, (1) H; 
(2) Het and Nu; (3) Ali; (4) Tiu, Feu, and [Feu]. The first 
four elements in order of atomic weight have amplitudes of about 
18 km/sec., while the remaining three elements have amplitudes of 
about 8 km/sec. Hydrogen has phase J.D. 4860; three elements with 
atomic weights 4.0-27.0, phase about 4680, while iron with atomic 
weight 55.8 has phase 4540. Compared with iron, the lag of the 
three elements is 140 days (0.18 period), that of hydrogen 320 days 
(0.40 period). The V,’s fall into two groups, being about +8 km/ 
sec. for elements whose lines have dark companions, and — 20 km/ 
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sec. for elements whose lines are wholly bright. It seems probable 
that the latter value more nearly represents the actual motion of 
the star. That the relative displacement toward the red of those 
bright lines which have absorption borders is a true stellar effect and 
not merely one introduced at the photographic plate by the lack of 
symmetry is indicated by several facts previously mentioned. More- 
over, the displacement of the bright lines seems more or less inde- 
pendent of the intensity of the dark border. Apparently, displace- 
ments are found in those series of bright lines which are subject to 
dark borders even when those borders are weak or absent. 

Instances of anomalous displacements are known in the spectra 
of other peculiar bright-line stars, including 7 Carinae and Z An- 
dromedae. In y Carinae, measurements showed the titanium lines 
to be displaced about half an angstrom toward the violet with re- 
spect to those of iron and chromium.’ In addition, a general dis- 
placement of about o.2 A seems to have taken place between the 
years 1912 and 1913.” In Z Andromedae the difference in apparent 
velocity between high- and low-excitation lines seems to have 
changed from +18 to —7 km/sec. 


The immediate outcome of this investigation is an example of 
what a stellar atmosphere can do. A complete interpretation of the 
observations in terms of physical conditions in the star will not be 
made at once—at least by the writer. The general hypothesis which 
comes to mind is that of a star with an extensive, tenuous atmos- 
phere in which the chemical elements are well sorted by light pres- 
sure and gravitation. Neither the double-star hypothesis nor that 
of a strict volume pulsation explains the facts, although both may 
be involved in some measure. For example, a dark companion with 
a period of eight hundred days may cause complex tidal phenomena 
in an atmosphere which is on the verge of instability. Or there may 
be a special, temporary type of pulsation with pronounced effects 
in an unusually extensive chromosphere. 


CARNEGIE INSTITUTION OF WASHINGTON 
Mount WILSON OBSERVATORY 
March 1929 


* Mt. Wilson Contr., No. 354; Astrophysical Journal, 67, 391, 1928. 


2 Lick Observatory Bulletins, 8, 55 and 134, 1916. 
3H. H. Plaskett, Publications of the Dominion Astrophysical Observatory, 4,133, 1928. 

































SPECTROSCOPIC OBSERVATIONS OF R VIRGINIS' 
By PAUL W. MERRILL anp ALFRED H. JOY 


ABSTRACT 

A mean light-curve for the interval 1920-1928 is shown in Fig. 1. The spectral type 
is M4ge at maximum and M8 near minimum. The spectroscopic absolute magnitude 
at maximum is —o.6. The curve of velocities derived from the absorption lines resembles 
the light-curve, but that from the emission lines is entirely different (see Fig. 1). The 
bright hydrogen lines have their greatest intensity near maximum light, and their dis- 
placements behave in the same general manner as in o Ceti, but there are interesting 
differences between the two stars. The low-temperature lines of iron, magnesium, and 
other elements, observed in emission in o Ceti, are weak or absent in R Virginis. 

This variable star? has the large range of magnitude and the Me 
spectrum regularly associated with variables of long period. The 
variability was discovered by Harding in 1809. The following data 
are taken from the recent “‘Harvard Catalogue of Long-Period 
Variable Stars,”” by Townley, Cannon, and Campbell:’ maximum 
magnitude, 6.9; minimum magnitude, 11.4; period, 145.4 days; 
interval from minimum to maximum, 77 days; spectrum, M3e to 
Mé6e. The period is unusually short for variables having spectra of 
type Me. The mean period for 390 variables with this type of spec- 
trum is 298 days,’ while less than 5 per cent have periods shorter 
than that of R Virginis. 

A mean light-curve (Fig. 1) for the interval covered by the 
Mount Wilson spectroscopic observations, 1920-1928 (J.D. 2422400- 
2425450), has been constructed from data supplied through the 
kindness of Dr. Shapley and Mr. Campbell, of the Harvard College 
Observatory. The curve is nearly symmetrical about maximum. 
Minimum is slightly narrower than maximum. The magnitudes at 
maximum and minimum agree closely with those found previously. 

Previous spectroscopic observations, while not extensive, have 
revealed the outstanding phenomena. The Harvard objective-prism 

t Contributions from the Mount Wilson Observatory, Carnegie Institution of Washing- 
ton, No. 382. 

2H.D. 109914, 1900, R.A. 12334; Dec. +7°32’; variable, class IT. 

3 Harvard Annals, 79, 157, 1928. 

+ Harvard College Observatory Bulletin, No. 862, 1928. 
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photographs showed a spectrum of class M with bands of varying 
intensity." Bright hydrogen lines were visible on nearly all the 
plates. A short series of radial-velocity observations at Ann Arbor’ 
in 1915 and another at Mount Wilson in 1922 showed the apparent 
velocity of approach, measured from the bright lines, to be rapidly 








Mag. km, sec. 
— 20 
» 25 
30 
/ ses “35 
—4o 
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—60 — 40 —20 fe) +20 +40 +60 days 
Fic. 1.—(a) Mean light curve 

(6) Velocity from dark lines (see Fig. 2) 

(c) Velocity from bright lines (see Fig. 3) 


increasing at the time of maximum light. The same general phe- 
nomenon has been observed for several other long-period variables‘ 
and seems to be characteristic. In R Virginis the effect appeared to 
be especially marked, and for this reason among others a more com- 
plete series of observations was undertaken. 


' Harvard Annals, 79, 199, 1928. 

2 Publications of the Astronomical Observatory, University of Michigan, 2, 54, 1916. 

3 Mt. Wilson Contr., No. 264; Astrophysical Journal, 58, 235, 1923. 

4R Leonis, X Ophiuchi, x Cygni, T Cephei: Mt. Wilson Contr., No. 264; Astro- 
physical Journal, 58, 237, 1923: o Ceti, Mt. Wilson Contr., No. 311; Astrophysical 
Journal, 63, 298, 1926. 
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The journal of observations, including, for convenience, the 
earlier ones, is found in Table I. 
TABLE I 


JOURNAL OF OBSERVATIONS 





| 


PLATE DATE J Mac. | PASE) Sac ee on 
j | a | és . 
Vel | Wt 
’ BAe SSCA Caan (ts 
days | km/sec. | 
jo eke 1915 Mar. 28 | 0585 PQ. AE Tao co athte nether nee) ee 
2, Apr. 16 | 0604 rn cee Si Ree ee ote 27 
] 2, eras ae May 7 | 0625 Sf ee bo 44 
C 397......| 1920 May 1 | 2446] 9.1] —39 | M6.5e 27 
R., BRR 5... Sock 1922 Feb. 12 | 3008 8.5 | +32] 6.5e | —32 2 43 
© 2966... =..1 May 15 | 3190 9.0 | —3I | SiG) vin cies) eh 24 
C2364". . | 3625 eek 23 | 4508 9.3 | —27 | 6.5e | 23 | 0.5 22 
ee) Dec. 26 | 4511 9.0 | —24 5.5e tercis 34 
BORG oi Dec. 26 | 4511 9.0 | —24 6e 30 | 2 34 
Y 13989......| 1926 Jan. 30 | 4536 6.7} +1 4.8e | 26°) 1 2 
y 14022..... Feb. 3] 4550 7.4 | +15 | 5.5e ag)" 3 43 
Y T4025. 5... Feb. 18 | 4565 9.0 | +30 7€ 30 
C 468". . Nov. 14 | 4834 6.8} + 6 3.8e | 27 O.5 4I 
© Bhs x. 5. Nov. 2 4844 7.5 | +16 4e aa 8 2 
y 14841......| 1927 Mar. 10 | 4950 Si ff KS lesb yey 33 
y 14849.... Mar. 12 | 4952 8.2 | —18 6e 26 | 1 33 
ee ea Mar. 17 | 4957 7.8 | —13 5e a an 30 
y 14871......| Mar. 19 | 4959 | 7.7 | —11 5.5e 24 | i 
y 14912f..... Apr. 12 | 4983 7.5 | +13 en Pee EOS PP 2 
y 14926..... Apr. 17 | 4988 7.8 | +18 6e 27 1 2 40 
C gmat ..:....| May 8 | 5009 9.2 | +39 8e 42 0.5 38 
MES May 14 | 5015 9.6} +45] 8e 30 0.2 39 
ae: re Dec. 22 | 5237 7.9 | ~a t Oe 26 3 30 
C 4613......| 1928 Jan. 4 | 5250 7.3 | —10 | 5.5e 28 I ne 3 
ae Fn Jan. 5 | 5251 7.2 | =e. “ese faa Sf. -36 
aay | ae Jan. 6 | 5252 7.2|— 8 4.5e ye La 
(. 4b68". .. Jan. 30 | 5276 7.2 | +16 5e re 20 
a eee Feb. 1 | 5278 7.3 | +18 5e ry | ae 43 
4070 . . s. Feb. 10 | 5287 8.1 | +27 6.5¢e 4 Sey 37 
© 468s = ss. Feb. 11 | 5288 8.2 | +28 7e $213 36 
C4706? -..... Mar. 16 | 5322 | 11.0 | +62 8ep 23] Os 23 
Cages": . Apr. 8 | 5345 | 10.6 | —60 8 35 SP ge Be 
CC a7Ga? 2: :... Apr. 24 | 5361 8.8 | —44 7.5€ 29 | 0.2 28 
CS 56k"... May 2 | 5369 8.4} —36 1 6.8¢ 24] 0.5 17 
C gegen. os. May 12 | 5379 8.1 —-26 | 6.2e 28 | 1 25 
y 15843..... June 4 | 5402 6.9 |= 3 4e 231 2 30 
y 15897..... June 21 | 5419 | 7.1 | +14 4e 28 | 2 36 
“Aen: ss. June 27 | 5425 7.4 | +20 4.8e 26 2 37 
+ 18046....... July 5 | 5433 7-9 | +28 6.5e oe 44 
ae ad July 10 | 5438 | 8.5 | +33 | M6.5e | a6 | I —43 
| 


* to-inch camera. t Comparison spectrum displaced. 


The spectral type changes with the brightness of the star, rang- 
ing from M4e at maximum to M8 near minimum. The most con- 
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spicuous variations of the absorption spectrum are in the titanium 

bands, Ca \ 4226, and the chromium triplet AA 4254, 4274, 4289. 

All these features are considerably more intense when the star is 

faint. Similar behavior is well known in o Ceti’ and other long- 
TABLE II 


PHASE AND SPECTRAL TYPE 











SPECTRAL TYPE 
PHASE FROM MAXIMUM BER le a a ae ie 
Mt. Wilson | Harvard 
vam one =a | 
MENS chs Gs. bss ores es M8 Bs ah piaowiel ain 
RENN ON, 2 ae wie ese eee M7e Mse 
na. Rae ae ae, ae et an Ms5.5e M4e 
Soak ahs serine keto te der ok GeO | M4e M3e 
oe eee Pee M4e 
+40..... Oe te ee | M7.5e M6(e) 
+60... s sarah eee open fete 
| 
km/sec. 
25} 
30 
a 
Pr 
7 
35+ ° 
— 40 } 
° 
i 1 4 1 l l 1 n 











—60 —40 —20 o +20 +40 +60 +80 days 


I'iG. 2.—Velocities from dark lines. Individual observations are represented by 
circles, normal places by crosses. Heavy symbols indicate high weights. 


period variables. The mean spectral types estimated from our plates 
and those derived from the Harvard data are shown in Table II. 
The absolute magnitude at maximum determined from the in- 
tensities of AA 4077, 4215, 4258, 4388, and 4490 in the same manner 
as for non-variable M-type stars is —o0.6. 
The radial velocities derived from the absorption lines are re- 
corded in Table I and are plotted in Figure 2. Normal places formed 


t Loc. cit 
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by dividing the observed portion of the period into intervals of 15 
days are shown in Table III. 

As in the case of o Ceti,’ the velocity-curve resembles the light- 
curve, the greatest velocity of recession occurring near the time of 
greatest light (see Fig. 1). The maximum of the velocity-curve 
seems to precede light-maximum by about g days, but further ob- 
servations are required to establish this beyond doubt. 

According to our observations, the chief emission lines in the 
spectrum, Hy and H6, appear about 50 days before maximum light 
and increase in intensity toward maximum, after which they become 
weaker until at phase +60 days they are barely perceptible. The 
average intensity of Hy is slightly greater than that of H6, but the 

TABLE III 


VELOCITIES FROM ABSORPTION LINES 


Normal Places 


Phase Velocity Weight 

—51 days....... — 31.1 km/sec. ‘ 
a ee 27.1 75 
aah, ERE 23.4 10.0 
EMS a yratgh ck 7a tu ar9 ol 28.6 4:5 
Ss ree 28.0 12.0 
4.2 


MMA dhe cae aed es — 32.7 


relative intensity Hy: H6 ranges from about 3 to more than 2. ‘This 
ratio does not show a consistent correlation with phase, as the lines 
behave differently in different cycles. Bright H@ is not distinctly 
seen until about 10 days before maximum. It then remains visible 
until about 35 days after maximum. It is usually less than half as 
intense as Hy, but on a few plates it approaches equality with Hy. 
H¢ is visible on a few plates on which H6é is strong. Traces of He 
are seen on two or three plates taken 6-20 days after maximum. 
Bright \ 4202 Fe makes its appearance about 30 days after maxi- 
mum and remains as a feeble emission line until near minimum. 
A 4308 Fe and 4571 Mg are present as weak emission lines on plate 
C 4708, phase +62 days. These three bright lines are conspicuous 
in the spectrum of o Ceti and other typical Me variables, where 


t Loc. cit. 
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Fic. 3.—Velocities from bright lines. Individ- 
ual observations are represented by circles, normal 
places by crosses. Heavy symbols indicate high 


TABLE IV 
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Normal Places 
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they are accompanied by numerous additional low-temperature 
lines not observed in R Virginis. 
Radial velocities derived from the emission lines are tabulated in 


Table I and are plotted 
in Figure 3. They de- 
pend very largely on Hy 
and Hé, although meas- 
urements of HB, He, and 
H¢ have been included 
in a few cases. In form- 
ing the normal places in 
Table IV, plates with 
the 1o-inch camera were 
given weight one-half. 
The velocity-curve 
derived from the emis- 
sion lines is decidedly 
different from that de- 
rived from the absorp- 
tion lines and from the 
light-curve. The earlier 
measurements showing a 
rapid decrease in veloc- 


ity at time of maximum light are confirmed. Compared with other 
stars," the acceleration is exceptionally great. This suggests that, 
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other things being equal, the acceleration is inversely correlated 
with the period of light-variation. Present data are insufficient to 
bring out the exact relationship. 

On plate C 4708, phase +62 days, the hydrogen lines are barely 
distinguishable from the continuous spectrum, and measurements 
of their positions are not reliable. Hy, 4308, and 4571 give 
fairly accordant values, however, with a mean about 17 km/sec. 
above the value for phase +34 days. This may indicate a sudden 
rise in the curve similar to that found by Joy in o Ceti." 

It must be remembered, of course, that the curves are called 
velocity-curves for convenience; the quantities actually measured 
are the effective displacements of the lines. These may or may not 
be caused by line-of-sight motions. If we ascribe them to motion, 
we should perhaps distinguish between atomic motions and gross 
motions (of a whole stratum bodily). 

From this brief study of R Virginis we infer that its period, 
145.4 days, is near the lower limit of those stars that have the special 
spectroscopic features typical of long-period variables. The absorp- 
tion spectrum is of earlier type and the bright lines are less intense 
than in variables with longer periods. Published investigations? and 
others now in progress at Mount Wilson show that variables with 
period or light-range less than that of R Virginis conform less closely 
to the typical star, o Ceti. They form a miscellaneous group with 
many different varieties of spectroscopic behavior. For example, 
the bright lines may appear at some phase other than maximum, or 
they may be irregular in behavior. Whether any of these stars are 
actually intermediate between long-period variables and Cepheids 
or RV Tauri stars is an important question for further investiga- 
tion. 

CARNEGIE INSTITUTION OF WASHINGTON 

Mount WILSON OBSERVATORY 
April 1929 
t See Fig. 4, Mt. Wilson Contr., No. 311; Astrophysical Journal, 63, 298, 1926. 
? F.g., that by Miss Allen on T Centauri, period 91 days, Lick Observatory Bulletins, 


12, 73, 1925. 
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NEW ASTRONOMICAL PHOTOGRAPHS 
AND LANTERN SLIDES SUPPLIED FROM | 
THE YERKES OBSERVATORY 


Photographs taken by Professor Ross with his new doublet of high’speed and wide angle: 

N8. Orion and its nebulosities. Exposure time, 5 hours. See the Astrophysical 
Journal for April, 1927. 

MW22. = Milky Way in Monocceros, showing bright and dark nebulae. Exposure, 


N82. A Fein in Taurus showing the Pleiades, dark nebulae, and the nebula 
N83. The exterior nebulosities of the Pleiades. Exposure, 
sien interesting regions taken with uses open ahh str 
gi gy os tte taken photovisual an photograp 
win lenses. These indicate, by their contrast, the stars of high color. 


Paar photographs taken by Professor.Ross with the 6o-inch Teflector at Mount 


P37. Mars, made in the light of five different wave-lengths, from infra-red to 
ultra-violet. See the Astrophysical Journal for November, 1926. 
P67. ae meee of Sahn ee 


Similar Ehotogeenbl can soon be furnished of Venus and of Jupiter. 
Photographs of other subjects: 


The Sun: 
Sx9. The disk with many large spots, October 18,1996. 
S80. Enlargement of large spot group of — 2X, sie 
Planetary conjunction: eee e 
P66. An unusual conjunction of Mercury, z: ni Mars, Jay 10, 1925. 
The images are small. Photographed with 40-inch refi 
Comets. Taken chiefly by Professor Van Biesbroeck: 
Crr7. Re-discovery of the Pons-Winnecke Comet in x97. Two exposures show- 
ing a faint spot moving among star trails. 
Cr18. ne Pons-Winnecke Comet in 1927, showing some of the structure of the 
ta: 
C1109. Skjellerup’s Comet of December, 1927. A drawing by Professor Van 
Biesbroeck. 


Reproductions of Rabotoeraphs of other recent comets and their spectra can also 
be furnished to orde is, 


Stellar Spectra: 
SSiso. The spectrum of Nova Aquilae of 1997 eek 
Slides and prints cam generally be supplied to order from drawin 
which have appeared in the Astrophysical Journal, They can also be 
hegatives sae for the late Professor Barnard’s Ailas of Selected Regi 
just published by the Carnegie Institution of Washington. = 
Send for our 32-page illustrated catalogue covering some 600 ealiailegikcal 
photographs, from which lantern slides, a cdo — be 
| furnished, at stated prices. : : 
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